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Abbreviations and Trade Name 
 
ANL Aspergillus niger lipase 
CB Silica Candida antarctica lipase supported on silica 
CCL Candida cilyndracea lipase 
CL-5 Chirazyme L-5 lipase 
CPL Carica papaya lipase 
CRL Candida rugosa lipase 
DEC Diethyl carbonate 
DG Diglyceride 
DMC Dimethyl carbonate 
EDTA-Na2 Ethylene diamine tetra acetic acid, disodium salt 
EE Ethyl Ester 
Esterase Hog-liver esterase immobilized on eupergit®C 
EtOH Ethanol 
HPL Hog Pancreas lipase 
Hvtox Toxic Hazard Value ( 0.0 – 5.0 ) 
IM PS-30 Pseudomonas cepacia immobilized within phylosilicate sol-gel 
matrix 
Lipozyme® Immobilized Mucor miehei lipase 
ME Methyl Ester 
MeOH Methanol 
MG Monoglyceride 
MJL Mucor javanicus lipase 
MML Mucor miehei lipase 
N 435  Novozym® 435 (Candida antarctica lipase immobilized within 
acrylic resin) 
Na2HPO4.12H2O Sodium hydrogen phosphate 
Na2HPO4.2H2O  Sodium hydrogen phosphate 
Na2SO4  Sodium sulphate 
Na3PO4.12H2O  Sodium phosphate 
PFL Pseudomonas fluorescens lipase 
PMF Palm oil mild fraction 
ScCO2 Super critical  carbon dioxide 
SP 435   Candida antarctica lipase supported on a macroporous acrylic 
resin 
TG Triglyceride 
TLV Threshold Limit Value (mg/m3 or ppm) 
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1. Introduction 
The transesterification of vegetable oils and animal fats to form esters 
has received considerable attention for several years. Various routes have 
been proposed for both chemical and enzymatic process. The most 
interesting research today is focused on the utilization of enzymes, normally 
lipases, for catalysing the synthesis of simple esters of vegetable oils or other 
agriculture lipid feedstock with or without the presence of organic solvents. 
Lipase-catalyzed transesterification in a solvent-free medium is important in 
industrial application because such a system would have an enormous 
advantage by avoiding the problem of separation, toxicity, and flammability of 
organic solvents. However, the organic solvent-free alcoholysis, especially 
methanolysis, does not give high conversions. The same problem was also 
found when ethyl or methyl acetate was used as acyl acceptors.   
Another approach to produce alkyl esters from oil seed or oily sources 
is the method of reactive extraction. By using this process the production cost 
may be reduced since the oil extraction step in conventional processes will be 
omitted as well. Several methods of reactive extraction have been proposed 
such as acid-catalyzed in-situ-alcoholysis, simultaneous supercritical fluid 
extraction and transesterification, or one pot oil extraction and ester formation 
using fungal resting cells with an organic solvent. Such methods produced 
ester of high purity, however both ester formation rate and yield are low. 
The main problems of lipase-catalyzed organic solvent-free alcoholysis 
and reactive extraction described above is first, the solubility of oil in the 
substrate or solvent and second, the fact that transesterification is an 
equilibrium reaction. Dialkyl carbonates, a versatile compound due to it 
chemical reactivity and physical properties, may provide an alternative to 
solve those problems. More over, dialkyl carbonates (especially dimethyl 
carbonate) are cheap and widely available. 
Lipase-catalyzed transesterification of a vegetable oil with a dialkyl 
carbonates predicted give higher conversions than that of the conventional 
methods. This process is not an equilibrium reaction, because the 
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intermediate compound immediately decomposes to carbon dioxide and an 
alcohol. However, source of lipase and some key aspects of lipase-catalyzed 
ester synthesis such as the role of water, temperature and pressure 
conditions, and the substrate effect on the ester formation have not been 
examined. 
Reactive extraction of an oilseed with dialkyl carbonates may also be 
used as an alternative. Due to the good solubility of vegetable oils in dialkyl 
carbonates, in this case dialkyl carbonates can be used as the solvent for oil 
extraction and also as the substrate for transesterification.  
Due to its high value and demand, special attention was given to the 
palm kernel oil (formerly just looked at as a ‘by product’ of palm industry). 
More than 60% of this oil is used as a basic oleochemical raw material for 
fatty acids or fatty acid esters. 
 Furthermore, more than hundred types of tropical plants that produce 
oil-bearing materials have been identified, but their potential as oil sources 
has not been assessed. Among them are rubber seed oil, candle nut oil, saga 
seed oil, and fenugreek oil. They could become good sources of oils with 
special fatty acid compositions and therefore have to be exploited.  
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2. Literature Review 
2.1 Introduction 
There is an increased interest in chemical derived from renewable 
resources such as vegetable or plant oils, animal fats, fish oils and micro-
algae oils rather than non-renewable petroleum. As reported by Gunstone, in 
2002 - 2003 worldwide production of the major oils and fats was 
approximately 121.61 million metric tones, by far the largest share was used 
in human foodstuffs (Gunstone, F., 2003). In 2000, about 14 million tones of 
vegetable oils were used as starting material for synthesis of valuable 
intermediates in oleo chemistry and in recent years, the amounts produced 
have continuously increased by approximately 3% per year (Hill, K., 2000).  
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Figure 2.1 World Production of the Major Oils and Fats by Commodities 
Others: sesame, fish, linseed, and castor oil (Source: 
Gunstone, F., 2003) 
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Among the various chemicals derived from vegetable or plant oils are 
alkyl esters. Production of long-chain alkyl esters is industrially important 
because these are quite hydrophobic compounds and intermediate raw 
materials that are used in vary many chemical products, including textiles, 
cosmetics, pharmaceuticals, plastics, and recently as diesel fuel and 
lubricants (Ghosh, M. et al., 1997). Alkyl esters are used rather than fatty 
acids to produce a number of fatty acids derivatives because alkyl esters are 
more stable, less corrosive and are more easily fractionated (Kaufman, A.J et 
al., 1991). 
The feedstocks for the most important alkyl esters (such as methyl and 
ethyl esters) are the most common vegetable or plant oils available in a 
country or location. The most common source of alkyl esters in Europe is 
rapeseed oil (low-erucic acid variety), in the United States it is soybean oil, in 
Malaysia and others countries with a tropical climate it is palm oil, and in some 
countries coconut oil, sunflower oil and used frying oils are also used  
(Knothe, G., 2002). The consumption of alkyl esters is increasing every year. 
However, only some countries produce these esters because of limited raw 
material, technology or human resources.  
At the moment, Europe is the world’s largest producer of alkyl esters. 
The production of methyl esters (as biodiesel) in Europe for 2003 is estimated 
at approximately 2 million metric tons, about one-half thereof in Germany, 
while the United States produce about 200,000 metric tons and Asia produces 
around 500,000 metric tons.  The actual consumption is lower; approximately 
550,000 metric tons were sold in Germany in 2002 (Knote, G., 2002; 
Anonymous, 2002a). This value does not include other alkyl esters that are 
used in oleochemical industries, such as the intermediates for fatty alcohols, 
high purity alkyl esters for cosmetics etc. 
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2.2 Recent Development in the Production of Alkyl Esters  
 The processes to produce alkyl esters have been used for many years 
in the oleochemical industry. Transesterification of vegetable oils or animal 
fats is the most effective process for the transformation of triglyceride 
molecules into smaller, straight-chain molecules of alkyl esters (Noureddini, H. 
et al., 1998). The most common method to produce alkyl esters is the 
transesterification of vegetable oils or animal fats with an alcohol in the 
presence of a chemical catalyst, usually a base such as sodium or potassium 
hydroxide, as shown in figure 2.2. Nevertheless, these methods have 
drawbacks such as difficulties in the recovery of glycerol and the need for the 
removal of catalyst; destroy some of minor and valuable compound such as 
tocopherol, tocotrienol, and other sensitive lipids (DHA, EPA, linoleic acid etc). 
These methods are only suitable for raw materials which contain less than 
0.5% free fatty acid (FFA) (acid value less than 1%) and are substantially 
anhydrous (< 0.1 – 0.3% water), because oils containing more FFA and/or 
water are incompletely transesterified by these methods  (Freedman, B. et al, 
1984; Cvengros, J. et al., 1996; Haas, M.J., 2004). 
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Figure 2.2  Chemical Transesterification of Vegetable Oil With Ethanol 
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An alternative to produce alkyl esters is transesterification or 
alcoholysis of vegetable oils or animal fats using enzymes, normally lipases, 
as biocatalysts. In spite of their potential industrial application, and however, 
in spite of being extensively investigated lipase-catalyzed remains to be 
adopted commercially on a broad scale due to high catalyst cost and slow 
reaction rates (Haas, M.J., 2004). 
 
2.2.1 Preparation of Alkyl Esters using Chemical Catalyst  
 For several years, the transesterification of vegetable oils to form 
esters, especially methyl esters, has received considerable attention. 
Transesterification of vegetable oils by chemical catalysis have been 
extensively investigated and processes were also patented by many workers 
(e.g. Tanaka et al., 1981; Sankaran, 1990; Cvengros, J. et al., 1994; Haas, et 
al., 2002; Ergun, et al., 2002).  
Various mechanisms have been proposed for both acid- and alkaline-
catalyzed transesterification. Acid catalysts give high yields in alkyl esters, but 
the reactions are slow, requiring temperatures above 100 oC and more than 3 
hours to reach complete conversion. Freedman et al. reported that 
methanolysis of soybean oil, in the presence of 1% of sulfuric acid, with an 
alcohol/oil molar ratio of 30:1 at 65 oC, takes 50 hours to reach complete 
conversion of the vegetable oils (> 99%). The butanolysis (at 117 oC) and 
ethanolysis (at 78 oC), using the same quantities of catalyst and alcohol take 3 
and 18 hours respectively (Freedman, B. et al., 1984). Nimcevic et al. also 
reported nearly the same results on the butanolysis of rapeseed oil in the 
presence of sulfuric acid (Nimcevic, D. et al., 2000), while Mittelbach et al. 
reported that conversions over 90% were achieved after 1 hour at 150 oC and 
7.6 bar using methanol (Mittelbach, M. et al., 1995).  
Alkaline-catalyzed transesterifications proceed considerably faster than 
acid–catalyzed transesterifications  (Freedman, B. et al., 1984, 1986). Partly 
for this reason and partly because alkaline catalysts are less corrosive to 
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industrial equipment than acid catalyst, most commercial transesterification of 
vegetable oils are conducted with alkaline catalyst.  
Among several alkaline-catalyst used in the laboratory and industries, 
alkaline metal alkoxides (such as sodium methoxide) are the most active 
catalysts, since they give very high yields (> 98%) in short reaction time (30 
minutes) even if they are applied at low molar concentration (0.5 %mol). 
However they require the absence of water that makes them inappropriate for 
typical industrial process. Potassium and sodium hydroxides are cheaper than 
metal alkoxides, but less active. Using sodium hydroxide as catalyst, 
Gryglewicz found that the reaction degree was 85% after 30 min of the 
process and 95% after 1.5 hours, which represented a value close to the 
equilibrium (Gryglewicz, S., 1999).  
However, even if a water-free alcohol-oil mixture is used, some water is 
produced in the system by the reaction of the hydroxide with the alcohol. The 
presence of water gives rise to hydrolysis of some of the produced ester, with 
consequent soap formation. This undesirable saponification reaction reduces 
the esters yields and considerably complicates the recovery of the glycerol 
due to the formation of emulsions  (Freedman, B. et al., 1986).  
 Optimal condition for alkaline transesterification of lipid have long been 
known, established and adopted commercially. Typically, the weight ratio of 
lipid to alcohol in industrial reaction is on the order of 5 – 10: 1, providing up to 
a 2-fold molar excess of alcohol over lipid to drive the reaction toward 
completion. Catalyst levels are approximately 0.5 to 1 % of the weight of lipid. 
Reactions are conducted at low temperatures (65 – 75 oC) and pressures (1.4 
– 4.0 atm; 140 – 405 kPa), with reaction times no longer than few hours 
(Haas, M.J., 2004).  
In order to improve conversion of vegetable oil and animal fat into alkyl 
esters, most of the research to date has focused on the efficiency of catalyst 
used (Muniyappa, P.R. et al., 1996), batch transesterification of vegetable oils 
with methanol or ethanol at or near the boiling point of alcohol with sodium or 
potassium hydroxide and 50 – 300% excess alcohol for 1 – 2 hours reaction 
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time (Noureddini, H. et al., 1998), continuous process ( Gheorghiu,M., 1995; 
Noureddini, H. et al., 1998; Darnoko, D. et al., 2000b), kinetics studies 
(Darnoko, D. et al., 2000a; Komers, K. et al., 2001), and the use of co-solvent 
(Boocock, D.G.B et al., 1996 & 1998; Zhou, W. et al., 2003).  Some research 
to date has also focused on the usage the cheapest raw material such as beef 
tallow (Zheng, D. et al., 1996; Ma, F. et al., 1998), waste-cooking oil (Leung, 
D., 2001; Supple, B. et al., 2002), soapstock (Haas, M.J et al., 2000) or 
unusual but potential oil such as Cynara cardunculus L. (Encinar,J.M. et al., 
1999 & 2002), and Ethiopian mustard (Dorado, M.P. et al., 2004). 
 Another interest is alcoholysis of triglycerides by heterogeneous 
catalyst. Salts containing a quaternary amino or a highly basic group such as 
a guanidine group have catalytic activity in alcoholysis. Some of these salts 
are insoluble in monovalent alcohol, glycerol, and fatty acid esters and 
therefore suitable catalyst for heterogeneously catalyzed alcoholysis. Sercheli 
et al. found that by using only 5% mol of 1,2,3-tricyclohexylguanidine as 
catalyst, the methanolysis of soybean oil was nearly complete after only 1 
hour reaction (Sercheli, R. et al., 1999). In their review Schuchardt et al.  
reported that  transesterification of rapeseed oil with methanol was reach up 
90% conversion only in 1 hour when using of  alkyl guanidines  such as 1,5,7-
triazabicyclo(4.4.0)dec-5-ene (TBD) (Schuchardt, U. et al., 1998).  Peter et al. 
found that by using Zn-arginate as catalyst and 1:6 molar ratio of oil and 
methanol, after 180 minute of reaction about 69% of palm oil was converted 
into its methyl esters  (Peter, S.K.F et al., 2002).  
  
2.2.2 Preparation of Alkyl Esters using Enzyme Catalyst  
2.2.2.1 Lipase 
 The interest in the application of enzymes to organic synthesis has 
been growing rapidly in recent years. A lot of attention has been devoted to 
attempts at utilizing the catalytic properties of lipases in organic synthesis. 
The catalytic activity and selectivity of enzymes depends on, among other 
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things, the structure of the reacting substances, the process conditions, the 
kind of solvent, and the presence of water (Gryglewicz, S. et al., 2000).  
 Lipases (triacylglycerol acylhydrolase, E.C. 3.1.1.3) are enzymes 
widely distributed among animals, plants, and microorganisms that catalyze 
the reversible hydrolysis of glycerol ester bond and, therefore, also the 
synthesis of glycerol esters. In nature, lipases used only for hydrolysis. Under 
certain circumstances, lipases also catalyze a number of transesterification 
reactions. Lipases can be used in low-water environment as excellent tool for 
the transformation of commercial triglycerides, and/or their derivate, to 
synthesize a growing range of products of potential industrial interest (Pirozi, 
D., 2003). Lipases have been successfully used as catalysts for the synthesis 
of esters, both in small-scale work and on an industrial scale. The mild 
reaction conditions in the enzymatic reactions make it possible to obtain 
products of very high purity. Another advantage of enzymes is their selectivity. 
For example, some lipases have selectivity towards the length of the fatty 
acids or the number and location of fatty acids (From, M. et al., 1997).  
The industrial applications of lipases have grown rapidly in recent years 
and are likely to markedly expand further in the coming years. Lipase may be 
used to produce fatty acids (Linder, M et al., 2002), biosurfactants (Edmundo, 
C. et al., 1998), aroma and flavor compounds (Athawale et al., 2003), 
lubricant and solvent esters (Hills, G., 2003), polyesters (Kumar, A. et al., 
2000), amides, thiol esters (Gandhi, N.N., 1997) and biomodified fats 
(Neklyudov, A.D et al., 2002).  
There are at least 35 lipases available commercially, but only a few can 
be obtained in industrial quantities. Some of the most promising commercially 
available microbial lipases are Candida antarctica, Candida rugosa (ex. 
Candida cylindracea), Rhizomucor miehei, Pseudomonas fluorescens, 
Aspergillus niger, and Chromobacterium viscosum ; in addition, a number of 
proteolytic enzymes, such as papain and pancreatin, catalyze the hydrolysis 
and synthesis of ester bonds (Wu, X.Y et al., 1996).  
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2.2.2.2 Enzymatic Alcoholysis with or without Organic Solvent 
 There have been a number of studies, which reported lipase-catalyzed 
transesterification with and without organic solvents. Most interesting is the 
utilization of lipases for catalyzing the synthesis of simple ester of vegetable 
oil or other agriculture lipid feedstock.  
For example, Mitelbach examined lipase-catalyzed alcoholysis of 
sunflower oil under anhydrous conditions. His studies showed that lipases 
from Pseudomonas fluorescens and two immobilized enzymes from Mucor 
miehei and a Candida sp. gave sufficient conversion with low boiling point 
alkanes as the solvent, even when either methanol or ethanol were used. The 
highest conversion of methyl esters (79%) was obtained when the lipase from 
Pseudomonas was used as catalyst, while the highest conversion of ethyl 
esters (99%) was obtained when the lipase from Candida was used as 
catalyst. Without any added solvent, reaction with methanol gave only traces 
of methyl esters, whereas ethanol and butanol yielded higher amounts of the 
corresponding alkyl esters, 82% and 76% respectively. Mitelbach found also 
that water has an effect on the reaction rates. The addition of water led to 
even higher reaction rates with longer chain alcohol, but opposite effect was 
observed with methanol, leading to significantly lower conversion when water 
was added (Mittelbach, M., 1990).  
By using hexane as solvent, Nelson et al. screened several 
commercially available lipases for their abilities to transesterify the 
triglycerides of olive, soybean oil, and tallow with short chain alcohols to their 
alkyl esters derivates. They found that the lipase from Mucor miehei was most 
efficient for converting triglycerides to their alkyl esters with primary alcohols, 
whereas the lipase from Candida antarctica was most efficient for 
transesterifying triglycerides with secondary alcohols to give branched alkyl 
esters. Conditions were established for converting tallow to short-chain alkyl 
esters. Under mild condition (45 oC) methyl and ethyl esters conversion 
reached more than 90% after 5 hours reaction. The same condition also 
proved for transesterifying vegetable oils and high fatty acid-containing 
feedstocks to their respective alkyl esters derivates (Nelson et al., 1996). 
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 M. Basri et al. studied alcoholysis of palm oil mid-fraction (PMF) by 
lipase from Rhizopus rhizopodiformis in hexane. They found that high 
percentage conversion of PMF to alkyl esters were achieved when methanol 
or propanol was used as acyl acceptor. After 10 hours of reaction, the 
conversion of PMF to methyl palmitate was more than 60% and to propyl 
palmitate was 85% (Basri, M. et al., 1997). 
Ghosh et al. investigated lipase-catalyzed alcoholyisis of soy phospho-
lipids to simultaneously make lysophospholipids and fatty acid esters (Figure 
2.3). Alcoholysis was carried out by stirring a mixture of soy phospholipids and 
alcohols (in equimolar proportions) with 10% (by weight of reactant) of Mucor 
miehei lipase, in the presence of hexane as solvent at 55 oC for 24 hours. 
Under this condition about 78.7 – 83 % of esters was produced (Ghosh, M. et 
al., 1997). 
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Figure 2.3 Lipase-catalyzed Alcoholysis of Soy Phospholipids 
 
By using various organic solvents, Hadzir et al. studied an alcoholysis 
reaction between triolein and oleyl alcohol catalyzed by Lipozyme and 
Novozyme to produce wax ester (Figure 2.4). The best condition tested to 
produce wax ester were incubation time of 5 hour, temperature of 50 oC for 
Lipozyme and 60 oC for Novozyme, weight of enzyme of 0.30g/mmol triolein, 
soy phospholipids ethanol lysophospholipids fatty acid esters 
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and molar ratio of oleyl alcohol to triolein of 6:1. They found that organic 
solvents greatly influenced the activity of lipase. Heptane and hexane were 
the best solvent tested. Under the condition explained above, The conversion 
of wax ester was 75.66% (Hadzir,  N.M. et al., 2001). 
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Figure 2.4 Lipase-catalyzed Alcoholysis of Triolein to Produce Wax Ester 
 
Mamoru Iso et al. also reported production of alkyl esters from 
triglycerides and alcohol using immobilized lipases in non-aqueous condition. 
They reported that using triolein as lipid source, immobilized Pseudomonas 
fluorescens lipase showed the highest activity in the reaction. When methanol 
and ethanol were used as alcohol, organic co-solvent like 1,4 -dioxane was 
required.  When methanol was used as substrate, it did not dissolve well with 
triolein or safflower oil. When ethanol was used, the reaction did not take 
place homogeneously as in methanol. Under this condition, the conversion 
ratio to methyl esters reaches 70% after 80 hours reaction. The reaction could 
be performed in absence of solvent when propanol and butanol were used as 
short chain alcohol. In case of propanol as substrate, the reaction has 
completed within 10 hours when immobilized P. fluorescens was used (Iso, M. 
et al., 2001). 
triolein oleyl alcohol 
oleyl oleat 
(wax ester) glycerol 
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Soumanou et al. examined lipase-catalyzed alcoholysis of various 
vegetable oils in n-hexane and a solvent free system. They found that using n-
hexane as organic solvent, all immobilized lipases tested were found to be 
active during methanolysis. The highest conversion (97%) was observed with 
Thermomyces lanuginose lipase after 24 h. In contrast, this lipase was almost 
inactive in a solvent-free reaction medium using methanol or 2-propanol as 
alcohol substrate (Soumanou, M.M.et al., 2003). 
Dossat et al. reported the transesterification of high oleic sunflower oil 
with butanol by the immobilized Lipozyme® in n-hexane. The reaction was 
carried out in a continuous packed bed reactor. Oleic acid, butyl esters, and 
glycerol being formed as the main products. They found that glycerol, 
insoluble in n-hexane, remained in the reactor adsorbed onto the enzymatic 
support, leading to a drastic decrease in enzymatic activity. To recover 
enzymatic activity, they proposed a semi-continuous process, which consisted 
of cycles of transesterification reaction, and rinsing of the catalyst in order to 
evacuate the adsorbed glycerol out of reactor. The rinsing solution was 
butanol amended with water, with the thermodynamic water activity adjusted 
to 0.54. By rinsing the enzymatic support, optimal hydration of the catalyst 
was maintained, and the initial conversion was restored (Dossat, V. et al., 
1999). 
The catalytic activities of enzymes in organic solvents are often 
increased by incorporating carbohydrates, polymer or organic buffer into the 
dry catalyst because of the improvement of microenvironment in organic 
media. Because of this reason, Pu et al. studied immobilization of lipase by 
salts and its transesterification activity in hexane. They found that the 
transesterification activities in hexane for lipases immobilized on EDTA-Na2 
increased by 463 – 2700% compare to the salt-free enzyme (Pu, W. et al., 
2001). 
Lipase-catalyzed alcoholysis in a solvent-free medium would be 
important in industrial application. Such a system would have an enormous 
advantage by avoiding the problems of separation, toxicity, and flammability of 
organic solvents, thus lowering the cost of the final product without a further 
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organic solvent evaporation step. For this reason, several studies were 
conducted in order to find the ‘best’ condition for organic solvent-free 
transesterification.  
Without an additional organic solvent, Linko et al. studied lipase-
catalyzed transesterification of low erucic acid rapeseed oil and 2-ethyl-1-
hexanol. Several commercially available enzymes have been investigated and 
the best result was obtained with Candida rugosa (ex. Candida cylindracea) 
lipase. The optimal transesterification condition were an oil/alcohol molar ratio 
1:2.8, a minimum of 1.0% (w/w) added water, and with a temperature of 37 – 
55 oC. Under the optimal condition, a nearly complete conversion was 
obtained in one hour with 14.6% (w/w) lipase, whereas 0.3% (w/w) lipase 
required 10 hours for similar results. However, at 60 oC lipase was clearly 
inactivated under the experimental condition (Linko, Y.Y et al., 1994). 
In order to produce concentrates of eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA), Haraldsson et al. investigated the use of 
lipases as catalyst for transesterification of fish oil with ethanol. Among the 17 
lipases tested, they found that Pseudomonas lipases had the highest activity 
toward the saturated and monosaturated fatty acids in the fish oil. With 
10%(w/w) of lipase, based on weight of the fish oil, a 50% conversion into 
ethyl esters was obtained in 24 hours at 20 oC, leaving the long-chain n-3 
polyunsaturated fatty acids unreacted in the residual mixture as mono-, di-, 
and triacylglycerols (Haraldsson, G.G. et al., 1997). However, by using 
Rhizomucor miehei lipase under anhydrous solvent-free condition, they found 
that when tuna oil comprising 6% EPA and 23% DHA transesterified with 
ethanol, 65% conversion into the ethyl esters was obtained after 24 hours. 
The residual glyceride mixture contained 49% DHA and 6% EPA, with 90% 
DHA recovery into the glyceride mixture and 60% EPA recovery into the ethyl 
esters product (Haraldsson, G.G. et al., 1998). Enrichment of polyunsaturated 
fatty acid from tuna oil using immobilized Pseudomonas fluorescens lipase 
was also investigated by Rakhsit et al. These experiments were carried out 
under water deficient conditions with stoichiometric amount of ethanol. After 
24 hours reaction, around 50% of esters were formed and at this point only 
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9.7% of DHA and 5.5% of EPA in the form of esters (Rakshit, S.K. et al., 
2000). 
Selmi et al. investigated the ethanolysis of sunflower oil with Lipozyme 
(immobilized 1,3-specific Mucor miehei lipase) in a medium solely composed 
of substrate. They found that the optimal values to convert sunflower oil to 
respective fatty acid esters were an oil/ethanol molar ratio of 1:3, 0.4 g of 
Lipozyme per 5.7 mmol of sunflower oil, and 50 oC. Under this condition 
conversion was 72% after 7 hours reaction. In comparison to the some result 
obtained when working with an organic solvent, Selmi et al. found that an 
opposite effect of added water on sunflower oil ethanolysis has been obtained 
when working in a solvent-free medium. The water present in the lipase (ca. 
10% w/w of lipase) was essentially sufficient to give a nearly complete 
conversion in 7 hours. Additional increases of water up to 0.25% (vol/vol) did 
not result in further improvements in conversion (Selmi, B. et al., 1998). 
Lipase-catalyzed conversion of some minor oil and fats such as 
mowrah (Madhuca latifolia), mango kernel (Mangifera indica), and sal (Shorea 
robusta)  fats into low, medium and high molecular weight alcohol esters have 
been investigated by De et al. in solvent free medium. The main current use of 
mowrah, mango kernel, and sal fats is in the manufacture of cocoa butter 
substitutes. Alcoholysis of the above-mentioned fats with 10% (w/w) Mucor 
miehei lipase produced alcohol esters in good yield. The percentage molar 
conversion of C4, C8, C10, C12, C14, C16, C18, and C18:1 alcohols into 
corresponding alcohol esters ranged from 86.8 to 99.2% (De, B.K et al., 
1999). 
Abigor et al. reported lipase-catalyzed production of alkyl esters by 
transesterification of palm kernel and coconut oil with different alcohols using 
PS30 (Pseudomonas cepacia) lipase as a catalyst. In the conversion of palm 
kernel oil to alkyl esters, without any added solvent to the reaction mixture the 
highest conversion was given by ethanol (72%), followed by tert-butanol 
(62%), butanol (42%), propanol (42%), and isopropanol (24%), while only 
15% methyl esters was observed with methanol. With coconut oil, butanol and 
isobutanol achieved 40% conversion, propanol 16% and ethanol 35%, while 
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only traces of methyl esters were observed using methanol (Abigor, R.D. et 
al., 2000). 
Alcoholyis of blackcurrant (Ribes nigrum L.) oil mediated by 
Pseudomonas fluorecens lipase performed at 30 oC in ethanol (96% v/v) that 
used both as a solvent and as a reactant. After 16 hours, 95% of triglyceride 
presented in the oil was converted into a mixture consisting of fatty acid ethyl 
esters, free fatty acid, monoglyceride and diglyceride. The highest amount of 
fatty acid ethyl esters (52%) was achieved after 8 hours (Vacek, M. et al., 
2001). 
Alcoholysis of tripalmitin catalyzed by papaya (Carica papaya) lipase 
was also examined by Gandhi et al. They found that about 80% of tripalmitin 
converted to octil palmitate (palmitic octil ester) after 8 hours reaction and 
reached more than 90% when reaction continued up to 24 hours (Gandhi, N. 
et al., 2001b). 
Simple alkyl esters derivates of recycled restaurant grease were 
prepared using immobilized lipases as biocatalysts. The lipases studied 
included those Thermomyces lanuginose and Candida antarctica supported 
on granulated silica, C. antarctica supported on a macroporous acrylic resin 
(SP435) and Pseudomonas cepacia immobilized within a phyllosilicate sol-gel 
matrix (IM PS-30). All alcoholysis reactions were carried out in solvent-free 
media employing a one-step addition of the alcohol to the reaction system. 
Among the lipases studied, IM PS-30 was found to be the most effective in 
catalyzing the methanolysis and ethanolysis of recycled restaurant grease.  
(Hsu,A. et al. 2001; Hsu, A. et al., 2002; Hsu, A. et al., 2003). 
Three different lipases such as Chromabacterium viscosum, Candida 
rugosa, and Porcine pancreas, were screened for a transesterification 
reaction of physic nut (Jatropha curcas L.) oil (that contained about 44.8% 
oleic acid and 34% linoleic acid) in a solvent-free system to produce alkyl 
ester. Shah et al. found that only lipase from Chromabacterium viscosum  was 
found to give appreciable yields. A maximum yields (92% ) was obtained in 10 
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hours using 10%(w/w) of immobilizied enzyme preparation (Shah, S. et al., 
2004).  
As explained above, enzymatic alcoholysis with relatively long-chain 
and branched alcohols precedes efficiently even in organic solvent-free 
system, but in the organic solvent-free methanolysis typically does not give 
high conversion. For this reason several studies have been carried out in 
order to get high conversion of methyl esters in the reaction system without 
organic solvents. 
Shimada et al. reported continuous conversion of vegetable oils to 
methyl esters using lipase in organic solvent-free environment. They reported 
that immobilized Candida antarctica lipase was found to be the most effective 
for the methanolysis among lipases tested. They also found that the enzyme 
was inactivated by shaking in mixture containing more than 1.5 molar 
equivalents of methanol against the oils. To fully convert the oils to its 
corresponding methyl esters, at least 3 molar equivalents methanol are 
needed. Thus, the reaction was conducted by adding methanol stepwise to 
avoid lipase inactivation. The first step of the reaction was conducted at 30 oC 
for 10 hours in a mixture of oil/methanol (1:1 mol/mol) and 4% immobilized 
lipase. After more than 95% methanol was consumed in ester formation, a 
second molar equivalent of methanol was added and the reaction continued 
for 24 hours. The third molar equivalent of methanol was added and the 
reaction continued for 24 hours (total reaction time 48 hours). This three-step 
process converted 98.4% of the oils to its corresponding methyl esters 
(Shimada et al., 1999).  
Using the same lipase as described above, Watanabe et al. developed 
also continuous production of methyl esters from vegetable oils in three-step 
methanolysis. A mixture of vegetable oil and 1:3 molar equivalent of methanol 
was fed into the first column that contain immobilized Candida antarctica 
lipase. The eluate and 1:3 molar equivalent of methanol were mixed and then 
fed into the second column at same rate. The final step reaction was done by 
feeding a mixture of eluate from the second column and 1:3 molar equivalent 
of methanol at the same flow rate. The methyl esters content in the final step 
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eluate reached 93% and they also found that immobilized Candida antarctica 
could be used for 100 day without any decrease in the conversion (Watanabe, 
Y. et al., 2000). 
Watanabe et al. again investigated the conversion of waste edible oil to 
methyl esters in a fixed-bed reactor. Three-step methanolyis of waste oil was 
conducted using three columns packed with 3 g of immobilized Candida 
antarctica lipase. A mixture of waste oil and 1/3 molar equivalent of methanol 
against total fatty acids in the oil was used as substrate for the first–step 
reaction, and mixture of the first- and second-step eluates and 1/3 molar 
equivalent of methanol were used for the second- and third step reaction, 
respectively.  They found that under this condition, ninety percent of waste oil 
was converted to the corresponding methyl esters by feeding substrate 
mixtures into the first, second, and third reactors at flow rates of 6, 6, and 4 
ml/h, respectively. Wanatabe el al.  found that the immobilized biocatalyst 
could be used for 100 day in the two reactions system without significant 
decrease in its activity. They also found that 1.980-ppm water and 2.5% free 
fatty acid that contained in was oil had little influence on enzymatic production 
of methyl esters (Watanabe, Y. et al., 2001). 
Through a three-step reaction, Lee et al. obtained relative high 
conversion of tallow methyl esters from lard and restaurant grease. Because 
lipase activity was hindered by excess amount (more than 1 mol) of methanol, 
each 1 M methanol was added sequentially after 24 hours of reaction. 
Through a three-step reaction, 74% conversion to tallow-methyl esters was 
obtained. However, a porous substance, such as silica gel, improved the 
conversion when more than 1 M methanol was used as reaction substrate. 
When 1:3 (fractionated lard/methanol, mol ratio) substrate was used, the 
conversion rates (i.e., extent of conversion) were 2.7 (24 h) and 2.8% (48 h). 
However, with 10% silica gel in the reaction mixture, the conversion rates 
increased to 25 and 58% respectively (Lee, K. et al., 2002). 
Again, through a three-step addition of methanol, Du et al. examined 
lipase-catalyzed transesterification of soya bean oil in continuous batch 
operation.  They found that in non-continuous batch operation, the optimal 
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oil/alcohol ratio and temperature were 1:4 and 40 – 50 oC, because either at 
higher (1:5) or lower (1:3) methanol concentration would decrease the methyl 
esters yield to some degree. In this condition, methyl esters yield reach up 
92% after 6 hours reaction. However, during the continuous batch operation 
lipase lost its activity dramatically when the methanol/oil molar ratio was 
above 2:1.The optimal molar ratio of oil/alcohol and temperature were 1:1 and 
30 oC (Du, W. Et al., 2003).  
Several researchers were also proposed another process, such as the 
use of supercritical CO2 (scCO2) as a solvent in enzyme catalyzed reaction. 
For example Jackson et al. proposed the transesterification of soybean oil 
with methanol by an immobilized Candida antarctica lipase  (Novozym 435) 
(Jackson, M.A et al., 1997), Oliveira et al. proposed enzymatic alcoholysis of 
palm kernel oil  by  Rhizomucor miehei (Lipozyme IM) and Candida antarctica 
(Novozym 435) (Oliveira, J.V. et al., 2000) and Srivastava et al. proposed 
synthesis of flavor ester (of isoamyl alcohol) catalyzed by crude hog pancreas 
lipase (Srivastava, S. et al., 2002)  in flowing carbon dioxide. The used of this 
process has been a matter of considerable research because of its favorable 
transport properties that can accelerate mass-transfer-limited enzymatic 
reaction. 
Another process proposed was lipase-catalyzed reaction in ionic 
liquids. This concept has been pioneered by Klibanov and co-workers (Kragl, 
U. et al., 2003). Following the studies of Klibanov and co-workers, Lau et al. 
investigated lipase-catalyzed alcoholysis, ammoniolysis, and perhydrolysis 
reaction using the ionic liquids 1-butyl-3methylimidazolium tetrafluoroborate 
([C4mim][BF4]) or hexafluorophosphate ([C4mim][PF6]) as reaction media. The 
transesterification of ethyl butanoate with butanol in both salts of [C4mim]  was 
studied using Candida antarctica lipase B (Novozym 435) as catalyst at 40 oC. 
After 24 hours reaction, the butyl esters was formed in more than 80% yield 
when the reaction was carried out in an anhydrous ionic liquid. In the 
presence of water (10% v/v), butanoic acid was formed in 62% yield, resulting 
in a correspondingly lower yield of butyl esters (Lau, R.M et al., 2000).  
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A study of the activity and stability of free Candida antarctica lipase B in 
four different ionic liquids at low water content and 50 oC has been 
investigated by Lozano et al. They studied the synthesis of butyl butyrate from 
vinyl butyrate and 1-butanol in selected ionic liquids such as 1-ethyl-3-
methylimidazolium tetrafluoroborate ([emim][BF4]), 1-ethyl-3-methylimida-
zolium bis[(fluoromethyl)sulfonyl]amide or triflimide ([emim][Tf2N]), 1-butyl-3-
methylimidazolium hexafluorophospate ([bmim][PF6]), and 1-butyl-3-
methylimidazolium triflimide ([bmim][Tf2N]). The product profile with time in the 
ionic liquid ([emim][BF4]) was clearly higher   than that in both butanol and 
hexane.  When reaction was conducted in [emim][BF4], yield of butyl butyrate 
was more than 80% after 30 minutes reaction. In the same condition, yield of 
butyl butyrate was only 40% and 70% when reaction was conducted in 
hexane and butanol respectively. They also reported that all the ionic liquids 
were suitable media for the lipase-catalyzed transesterification reaction, the 
initial synthetic rate being higher than that observed in organic media in all 
cases (Lozano, P. et al., 2001). 
 
2.2.2.3 Lipase-Catalyzed Transesterification of Vegetable Oil with Other   
Alkyl Sources 
All methods reported in previous subchapter above were used alcohols 
as raw material.  Some researcher used alkyl acetate to transesterified 
vegetable oil to its alkyl esters.  For example, Mukherjee et al. investigated 
transesterification of mustard oil with various alkyl acetates by Rhizomucor 
miehei (Lipozyme) at 20 – 22 oC in order to enrichment very-long-chain mono-
unsaturated fatty acids. By using ethyl acetate as alkyl source, they found that 
yield of ethyl esters reach up 74% after 4 hours reaction (Mukherjee, K.D. et 
al., 1996).  
 A new enzymatic route for methyl esters production from soybean oil 
using methyl acetate as a novel acyl acceptor has been developed by Xu et 
al.  Xu et al. found that Novozym 435 (immobilized Candida antarctica lipase) 
gave the highest methyl esters yield of 92%. The optimum conditions of the 
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transesterification were 30% enzyme based on oil weight, molar ratio of 
methyl acetate/oil of 12:1, temperature of 40 oC and reaction time of 10 hours. 
They claim that this method is very convenient for recycling the catalyst 
because no glycerol was produced in this process. Triacetylglycerol was 
found as by-product, as shown in Figure 2.6 (Xu, Y. et al., 2003). 
The disadvantage for technical application of transesterification with 
alcohol or alkyl acetates that reported above is, that is an equilibrium reaction 
as shown in Figure 2.5.  
 Based on the transesterification of a fatty acids with an dialkyl 
carbonates which firstly reported by D. Pioch et al. (1991),  Warwel et al. 
proposed lipase-catalyzed conversion of plant oil with dialkyl carbonates 
which is not equilibrium reaction, because the intermediate compound 
(carbonic acid monoacyl ester) decomposes immediately to carbon dioxide 
and alcohol (Figure 2.6).  By using high oleic sunflower oil and dimethyl 
carbonate (150 mmol plant oil/l solvent = 15% w/w, 3 g of Novozym 435), after 
72 hours at 50 oC, Warwel et al. obtained about 80% methyl esters. Based on 
this result, lipase-catalyzed transesterification using dialkyl carbonates, 
especially dimethyl or diethyl carbonate, may provide as an alternative for 
some sensitive substance such as tung oil, calendula, or fish oil (Warwel, S. et 
al., 1999). More detail about lipase-catalyzed transesterification of vegetable 
oil with dialkyl carbonates will be presented in the next chapter. 
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Figure 2.5 Lipase-Catalyzed Esterification of Fatty Acids with Ethanol, 
Ethyl acetate, and Diethyl carbonate.   
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Figure 2.6 Trans-esterification of Plant Oils with Ethanol, Ethyl Acetate, 
and Diethyl Carbonate 
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2.3 Recent Development in (Oilseed) Solvent Extraction Process 
  Fat and oils have been recovered from oil-bearing seeds, fruits, and 
fatty animal tissues for several thousand years. There are basically three 
methods of removing oil from the raw materials: solvent extraction, wet 
processing or dry processing (mechanical pressing). The oldest method of 
recovery is hard pressing, in which the seeds are pressed after various pre-
treatment to squeeze the oil from the rest of the solids.  
Normally, material containing more than 30% oil require some form of 
pressing, either hard pressing, where as much oil as possible is squeezed out, 
or prepressing, where part of the oil is removed before subjecting the partially 
deoiled material to more complete extraction with solvent (Johnson, L.A, 
1997). Direct solvent extraction has become the preferred processing method 
because has the advantage of giving higher oil yields than mechanical 
pressing and also the oil and meal are recovered undamaged by heat (Attah, 
J.C. et al., 1990).  
 Solvent extraction is a mass-transfer process. In this process materials 
are transported from one phase to another for the purpose of separating one 
or more compound from mixture. In the case of oilseeds extraction, crude 
vegetable oil is dissolved in a solvent to separate it from the insoluble meal 
that is primarily composed of protein and carbohydrates (Johnson, L.A et al., 
1983). However, the use of solvents for oil seed extraction has been criticized 
because of toxicity and problem associated with solvent flammability and 
recovery (Attah, J.C et al., 1990). 
Various liquids have been used as solvent for commercial extraction by 
the oilseeds industry, and others have been proposed based upon 
encouraging laboratory result, such as low boiling point alkanes, cyclohexane, 
carbon tetra chloride, ethyl acetate, acetone, alcohol etc. (Ibemesi, J.A. et al., 
1990; Johnson, L.A. 1997). However, hexanes or mixtures of hexanes (rich in 
n-hexane) have been the solvent of choice by the oilseed-processing industry 
for the past 50 years. 
Literature Review                                                                                                                     25 
Even though there are some research have been conducted in order to 
make the extraction process more efficient, faster, and to minimize hexane 
losses and improve on product quality (Abraham, G. et al., 1988; Proctor, A. 
et al., 1994; Sasmaz, 1996; Skhariya, R., 2001; Pramparo, M. et al., 2002; 
Skhariya, R., 2003), the last few decades have seen a growing interest in 
replacing hexane as an extracting solvent for vegetable oils. An alternative 
solvent or solvent system may eventually replace hexane as the extraction 
agent of vegetable oil, because the main component of commercial hexane, 
n-hexane, is carcinogenic and listed as a hazardous air pollutant in the Clean 
Air Act and potential health risk.   
Some biorenewable solvents such as water, alcohol, ketones, liquefied 
and supercritical gases, and miscellaneous solvent have been investigated 
since eighty’s (Hron, R.J. et al., 1982; Santos, M.M. et al., 2000; Wakelyn, 
P.J., 2001; Valle,J. et al., 2002).  The most promising biorenewable solvents 
for oil extraction are water and alcohol, which have lower flammability and 
toxicity than hexane (TLV 50 ppm, Hvtox 3.0) (Sineiro, J. et al., 1998; 
Kwiatkowski, J.R et al., 2002). 
The recently tested alternative solvents include ethanol, isopropanol, 
isohexane or mixture of isohexane and alcohol. Ethanol and isopropanol have 
potential to remove toxic, carcinogenic, and anti nutritional factors, thereby 
improving the quality of extracted meal for food and feed products and 
increasing its economic value. Benefit of utilizing ethanol or isopropanol 
include enhancement of food and feed safety, reducing fire and explosion 
potential (Baker, E.C et al., 1983; Abraham, G. et al., 1991; Kuk, M.S. et al., 
1998a). Eventhough ethanol and isopropanol were found to be technologically 
feasible, but at the moment economically unacceptable (Wakelyn, P.J., 2001). 
Isohexane appears to be the most likely candidate to replace n-hexane 
as the preferred oilseed extraction solvent in the United States (Anonymous, 
2002b). Isohexane is considered to be environmentally less harmful (TLV 500 
ppm, Hvtox 1.0). By using isohexane, the industry and the consumer may 
benefit from reduced processing costs, decrease energy usage, and fewer 
environmental hazards (Kuk,M.S et al., 1998).  
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The new solvent system was also proposed, such as solvent mixture 
consisting of isohexane and 5 to 25% alcohol which is effective in removing 
free and total gossypol and oil from cottonseed and also as efficient as n-
hexane when extracting oil (Kuk, M.S et al., 1998a).  
Aqueous and enzyme treatment have also been proposed as an 
alternate stage to solvent extraction processes to improve the yield and 
quality several oily product for some commodity such as olive, hazelnut, 
marigold flower, rapeseed, avocado et.  By carrying out this method, generally 
a better qualitative characteristic of oil was found, such as relative higher 
content of natural antioxidant (Sengupta, R. et al, 1996; Rosenthal, A. et al., 
1996; Ranalli, A. et al., 1997; Barzana, E. et al., 2002; Santamaria, R.I. et al., 
2000 & 2003). 
Some of researchers were also proposed utilization of carbon dioxide 
as solvent through supercritical fluid extraction.  This process is a potentially 
milder alternative processing method for the recovery oil.  By using this 
process, plant oil seeds can be extracted at a relatively low temperature and 
furthermore no harmful solvent residue is left in the extracted oil (Mangold, 
H.K., 1982; Favati, F. et al, 1991; Kuk, M.S et al., 1998b). As an extraction 
medium, supercritical fluid has versatile solvent properties compared to a 
liquid extraction agent. However, this process still remains to be adopted 
commercially due to high cost of installation.  At the moment, organic solvent 
still preferred for replacing the conventional hexane. 
 
2.4 Reactive Extraction of Acylglycerides 
 Another approach to produce alkyl esters from oil seed or oily sources 
is by reactive extraction method. Reactive extraction is simultaneous oil 
extraction and - in case of alkyl esters producing is - transesterification. In this 
process, an organic solvent such as alcohol acts as an extraction solvent for 
oil component and as reagent to esterify this component.  By using this 
process the production cost may be reduced since the oil extraction step in 
conventional process will be omitted as well.  
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In-situ esterification was first performed by transesterification of 
sunflower seed oil with acidified methanol, and it resulted that this process 
produce fatty acid methyl esters in yields significantly greater than those 
obtained from conventional reaction with pre-extracted seed oil. Yield 
improvement of over 20% were achieved and could be related to the moisture 
content of the seed. The presence of moisture in the oilseed reduces the yield 
of methyl esters (Harrington, et al., 1985).  
Özgül and Türkay investigated in-situ esterifications of high-acidity rice 
bran oil with methanol and ethanol using sulfuric acid as catalyst. In the 
esterification with methanol, all free fatty acids (FFA) dissolved in methanol 
were interesterified within 15 minutes, and it was possible to obtain nearly 
pure methyl esters. The amount of methyl esters obtained from rice bran was 
dependent on the FFA content of the rice bran oil. It was not possible to obtain 
the pure esters in the esterification with ethanol, because the solubilities of oil 
component in ethanol were much higher than those in methanol (Özgül, S. et 
al., 1993). 
In-situ alcoholysis of soybean oil with various monohydroxy alcohols in 
the presence of acid catalyst was investigated by Kildirin et al. The result 
shows that ethyl, propyl and butyl esters of soybean fatty acid could be 
obtained directly in high yields (80 – 85 %) by in-situ alcoholysis just in 3 hour 
reaction. Because methanol is a poor solvent for soybean oil, the amount of 
oil dissolved in methanol and converted to methyl esters was low after in-situ 
alcoholysis (41%).  The free fatty acid contents of the esterified products were 
higher than that of the crude soybean oil in seed (2 – 6 times), suggested that 
a hydrolysis reaction occurred during in-situ alcoholysis (Kildiran, G. et al., 
1996). 
Özgül-Yücel et al. also investigated the effect of specific factors on in-
situ methanolic esterification of rice bran oil using sulfuric acid catalyst. The 
result shows that the esters content of the extract increased about 67% when 
the FFA contain of the oil was increased from 16.6 to 84.5%. Increasing the 
reaction time beyond 30 minute did not affect yields, but increasing the 
temperature from 20 to 65 oC elevated the faty acid methyl esters yield by 
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about 30%. Increasing the amount of acid catalyst above 5 ml did not 
enhance yield and resulted in bran darkening and an increase in bran 
stickiness that interfered with filtration operation due to bran cell wall 
disruption by the acid. Moisture content of rice bran and amount of methanol 
used had a little effect on the esters content (Özgül-Yücel, S. et al., 2002).  
By using ethanol as solvent, Özgül-Yücel et al. found that ethyl esters 
formation led to an increase in the amount of fatty acid dissolved in ethanol 
through dissolution and esterification, and the solubility of neutral oil 
component was reduced. Water content of ethanol was also affect on 
extraction and in-situ esterification. When the water content of ethanol was 
decresed, the amount of total oil and neutral oil in alcohol increased 
considerably eventhough the amounts of fatty acid dissolved were nearly the 
same for both extraction and in-situ esterification. The ethyl esters content of 
crude esters obtained with 99.1% ethanol was higher than that obtained with 
96% ethanol (Özgül-Yücel, S. et al., 2003).   
Rapid simultaneous lipid extraction and transesterification was also 
conducted for fatty acids analyses. Rodriguez-Ruiz et al. developed reactive 
extraction method that applied for fatty acid analyses of cod-liver oil and dry 
biomass of the micro-algae.  They used mixture of methanol/acetyl chloride 
(20:1 v/v) for methylation and hexane in the same vial and heated at 100 oC 
for 10 minutes. They claimed that this method avoid many manipulation and 
allows rapid analysis of many sample (Rodriguez-Ruiz, J. et al., 1998).  
Based on method of Rodriguez-Ruiz et al., Belarbi et al. proposed a 
process for high yield and sclaleable recovery of high purity eicosapentaenoic 
acid esters (EPA ester) from microalgae and fish oils. The process consists of 
a one-step extraction-transesterification of fatty acids in the microalgal 
biomass followed by fractionation on a silver-silica gel chromatography 
column.  EPA esters of up to 96% purity can be recovered in yields exceeding 
70% (Belarbi, E.H. et al., 2000). 
Some of reactive extraction was also conducted with enzyme as 
catalyst. Rüsch gen. Klaas and Warwel proposed reactive extraction using a 
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commercial immobilized enzyme (Novozym 435), deposited at the bottom of a 
soxhlet apparatus, to transesterify plant oil extracted from the oilseed-
reservoir using either dimethyl or diethyl carbonate (Rüsch gen Klaas  and 
Warwel, 2001). This technique will be explained more detail in the next 
chapter. 
 Torres et al. investigated one pot triacylglicerides extraction and fatty 
acid methyl esters formation using fungal resting cells and oilseeds 
(rapeseed) at moderate temperature. By using methanol and isooctane as 
solvent at 50 oC, the formation of fatty acid methyl esters already was 
apparent after 24 hour of reaction although the yield was only 25 %, however 
the triglycerides yield was 62% and the free fatty acid was 8%. After 120 
hours, the yield of fatty acid methyl esters rose to 65% (Torres,M. et al., 
2003). 
Recently, several researchers also proposed a simultaneous 
supercritical fluid extraction and transesterification.  But much of them only 
focused for analytical or determination of fatty acids content. As an example, 
Snyder et al. proposed this method for analysis several seed oils such as 
canola, soybean and sunflower. They found that fatty acids composition of 
such oils was higher than that of analyzed by conventional method (extraction 
and transesterification in separate way) (Snyder, J. et al., 1997).  Turner et al. 
used this method for produced cis-vaccenic acids methyl esters from 
Milkweed seeds. Candida antarctica lipase (Novozym 435) was chosen as a 
catalyst because in an analytical context only this lipase has been used for the 
production of esters in dynamic supercritical fluid extraction (Turner, C. et al., 
2002). 
 
2.5 Dialkyl Carbonates as Alternative Solvent for Oilseed Extraction and 
Alkyl Esters Synthesis 
 Industry has used carbonates for many years in numerous applications 
including medicine and polymer chemistry. However, carbonates as useful 
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synthetic elements have been widely overlooked, presumably due to a lack of 
fanfare or unfamiliarity.  
 Alkyl carbonates are usually clear liquids or oils, and most have been 
noted as possessing pleasant odors. Dimethyl carbonate (DMC) has a boiling 
point of 90 oC, while diethyl carbonate (DEC) has a boiling point of 118 oC, 
both have a density slightly greater than water, and are nearly insoluble in 
aqueous media (Parrish, et al., 2000). Dialkyl carbonates are fairly stable 
under neutral and acidic condition, the corresponding monoesters 
decompose, analogously to carbonic acid itself, to carbon dioxide and the 
alcohol, as shown in Figure 2.7 (Warwel, S. et al., 1999).  
C
O
OCH3H3CO
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OC2H5H5C2O
       
          Dimethyl carbonate                                          Diethyl carbonate 
 
C
O
OC2H5HO
+ CO2C2H5 OH
 
                  Ethyl carbonate                      Ethanol            Carbon dioxide 
Figure 2.7 Dimethyl carbonate, diethyl carbonate and, decomposition of 
monoester to ethanol and carbon dioxide 
 
Since dimethyl carbonate was manufactured from methanol and 
phosgene for the first time in the 1910’s, which was eliminated in recent years 
due to the use of virulent phosgene, there have been environmentally routes 
for its production. Dimethyl carbonate can be synthesized via several methods 
such as the transesterification of ethylene carbonate and methanol, from 
carbon dioxide and methanol (Bhanage, B.M. et al., 2003), oxidative 
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carbonylation of methanol, or carbonylation of methyl nitrite (Tundo, P., 2001; 
Wei, T. et al., 2003). While diethyl carbonate or its higher homologues also 
can be synthesized from ethanol and carbon monoxide using heterogeneous 
CuCl2/PdCl2 catalyst (Punnoose, A. et al., 2002) or by the transesterification of 
dimethyl carbonate with the appropriate alcohol (Bomben, A. et al., 1996). 
At the moment, dimethyl carbonate has been attracting wide attention 
as an environmentally benign chemical raw material. The non-toxic compound 
dialkyl carbonates (are not included in the list of TLV and Hvtox data), can be 
used as alkylating and alkoxycarbonylating agent in place of dialkyl sulfates, 
alkyl halides and phosgene, respectively. Dimethyl carbonate is used as a 
safe alternative to phosgene in carbonylation, such as for production of 
polycarbonate, and to methyl halide or dimethyl sulfate in methylation. Dialkyl 
carbonates generate carbon dioxide and alcohol as by-product during 
alkylation. The unreacted dialkyl carbonates can be easily recovered by 
distillation from the reaction mixture and reused (Bomben, A. et al., 1996; 
Shieh et.al., 2003).  
The use of dimethyl carbonate as alkylating agent has been thoroughly 
studied using various catalyst and condition and appears to be the reagent of 
choice for the methylation of phenols (Shaikh, A. et al., 1996). A new method 
for synthesis of modern synthetic oils based on dialkyl carbonates was also 
studied by Gryglewicz et al. Ester oil with dialkyl carbonates structure was 
synthesized by transesterification of dimethyl carbonate with 2-ethyl hexanol 
and 3,5,5-trimethylhexanol using calcium methoxide as catalyst. The 
synthesis was carried out under atmospheric pressure at temperature not 
higher than 120 oC reaching relative high yield of 65 – 70% (Gryglewicz, S. et 
al., 2003). 
Beside this application as a chemical intermediate, dimethyl carbonate 
is also drawing attention as a safe solvent and a fuel additive. Dimethyl 
carbonate, as a solvent, has good solvating ability, optimum volatility, easy 
biodegradability, very low photochemical ozone creating potential (POCP) and 
obvious benignity towards living being and the environment (Itoh, et al., 2003).  
Diethyl carbonate is an excellent solvent in the mid-boiling point range. This 
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has been used as medium evaporating solvent for cellulose nitrate and finds 
application where a pure neutral/acquer solvent is required (Shaikh, A. et al., 
1996). So far, except of experiment that conducted by Rüsch gen. Klaas and 
S. Warwel (2001), report about utilization of dialkyl carbonates as solvent for 
vegetable oil extraction was not found. 
Organic carbonates have also been suggested as fuel additives 
because their use may reduce the vapour pressure of fuels and in turn reduce 
their emmision to the atmosphere by evaporation. If pure dimethyl carbonate 
freezes at 1 oC, at a concentration of 3 – 4% in gasoline, it remain in solution 
without becoming cloudy or hazy below –40 oC allowing it to be used as a fuel 
additive in winter. Organic carbonates have also a good blending octane and 
very high oxygen content, in contrast to ethers, which can reduce significantly 
CO emission from motor vehicles. Although having low toxicity, carbonates 
may play a significant role in the photochemical pollution by contributing to the 
formation of tropospheric ozone and other photooxidants  (Katrib, Y. et al., 
2002).  Dimethyl carbonate, as fuel additive, has oxygen content about 3 
times that of methyl tert-buthyl ether (MTBE), and it does not cause phase 
separation of water (Itoh, et al., 2003).  
Beside some application that described above, recently, it has been 
observed that interest in organic synthesis using dialkyl carbonates, including 
dimethyl and diethyl carbonate, has increased. However, only few information 
about enzymatic synthesize of alkyl esters with dialkyl carbonates as reported 
in subchapter above.  Some of report below proposed synthesis of several 
carbonate compound through enzymatic process based on dialkyl carbonates. 
Dimethyl and diethyl carbonate was used as substrate for the 
enantioselective  enzymatic protection of amines. The reaction is irreversible 
and symmetrical structure of this carbonates gives unambiguously a single 
carbamate product, making a process very simple. Reaction between aziridine  
with dimethyl  or diethyl carbonate for 90 hours yielded carbamat in 15 and 
24% respectively (Orsat, B. et al., 1996). 
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Diphenyl carbonate was synthesized by alcoholysis of dimethyl 
carbonate with phenol. Several enzymes were found to accept dimethyl 
carbonate and phenol as substrate for diphenyl carbonate synthesis, but even 
with the best enzyme, diphenyl carbonate was produced only 0.70% yield 
(Rodney, R.L. et al., 1999). 
Fatty alcohol carbonates have been synthesized by lipase-catalyzed 
esterification of fatty alcohol with diethyl carbonate.  Warwel et al. found, in an 
short enzyme screened, that Novozym 435 (immobilized lipase from Candida 
antarctica) is the most suitable biocatalyst for this purpose. About 78% 
ethyllauryl carbonate was obtained and high yield (64 –100%) was also found 
by using variety of primary alcohols (Gothrey, R., 1998; Warwel,S. et al., 
1999). 
Diethyl carbonate has also been used for transesterification of 
cholesterol catalyzed by Lipozyme IM to produce ethylcholesteryl carbonate. 
Transesterification was carried out at 400 mbar and 60 oC in the presence of 
molecular sieve for 48 hour. However, the yield of ethylcholesteryl carbonate 
is only 20% (Weber, N. et al., 2001). 
 
2.6 Palm Kernel Oil and Others Potential Tropical Oil as Alkyl Esters Raw 
Material 
 The sources of oils and fats are various vegetable and animal raw 
materials with the vegetable raw materials such as soybean, palm, rapeseed 
and sunflower oil being the most important one regarding the amounts 
involved. The composition of the fatty acids contained in the oil determines the 
further use of the oils. At the moment, a special attention was given to palm 
kernel oil and coconut oil, because of their high share of medium chain length 
fatty acid (Hill, K., 2000). 
 Indonesia as a tropical country has wide variations in climatic and soil 
condition and thus has a wide variety of domestic plants that produce oil-
bearing materials.  
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At the moment, from more than hundred types of plants that produce 
oil-bearing material, palm oil becoming prime of the Indonesian oils and fats 
scenes and contributed 1.5 – 2 % of the country’s gross domestic product 
(Barlow, C. et al., 2003). To date, due to its high value and demand, oil palm 
producers give also special attention to the palm kernel oil (which was 
formerly just looked as a ‘by product’ of oil palm industry).  
Beside palm oil, palm kernel oil, and coconut oil, many of Indonesian 
plants oil sources have been identified, but their potential as oil source has not 
been assessed. Among them such as rubber seed oil, candle nut oil, saga 
seed oil, and fenugreek oil could become good source of oils with special fatty 
acids composition and used as alkyl esters raw material. 
 
2.6.1 Palm (Elais guineensis) Kernel Oil 
 Among the 17 major oils and fats in world trade, there are only two 
lauric oils source, coconut oil and palm kernel oil.  Palm kernel oil is very 
similar to coconut oil in fatty acid composition and properties. It constitutes 
about 45% of palm nut of palm oil. On a wet basis, the kernel contains about 
45 – 50% of oil. Although it lies within the palm nut, palm kernel oil and palm 
oil differ greatly in their characteristics and properties. Palm kernel oil is rich in 
lauric acid (C12 about 48%) and other major fatty acids are myristic (C14 
about 16%) and oleic acid (C18:1 about 15%). No other fatty acid is present at 
more than 10%  (Rossel et al., 1985; Pantzaris, T.P. et al., 2001). 
 Because of their similarity in composition and properties, palm kernel 
oil has similar uses to coconut oil in both edible and non-edible fields. Most of 
the palm kernel oil from world production is used for food, but the non-food 
uses are very substantial and becoming of increasing importance because, on 
the whole, these products are further downstream and offer greater added 
value to the producers and greater opportunities for local employment. The 
main non-food uses to date are soap and oleochemical such as fatty acids, 
fatty acid methyl esters, and fatty alcohols. 
Literature Review                                                                                                                     35 
Table 2.1 Fatty Acid Composition of Palm Kernel, Coconut, and 
                 Palm oil  (%) 
Fatty Acids Chain 
length 
Palm 
Kernel Oil 
Coconut 
Oil 
Palm oil 
Caproic C6 0.3 0.4 - 
Caprylic C8 4.2 7.3 - 
Capric C10 3.7 6.6 - 
Lauric C12 48.7 47.8 0.2 
Myristic C14 15.6 18.1 1.1 
Stearic C16 7.5 8.9 44.1 
Palmitic C18 1.8 2.7 4.4 
Oleic C18:1 14.8 6.4 39.0 
Linoleic C18:2 2.6 1.6 10.6 
Others Others 0.1 0.1 0.75 
Source : Pantzaris, T.P. et al., 2001 
 
 Production of palm kernel oil in 2002 – 2003 is approximately 3.3 milion 
metric tons or contributed nearly 2.5% of the world oils and fats production. As 
shown in Table 2.2, the main producer of palm kernel oil is Malaysia that 
contributed around 48% of total world supplies, followed by Indonesia that 
contributed around 36%. As reported by Foreign Agricultural Service USDA, 
the world consumption of palm kernel oil was 2.7 million metric tons in 1999 – 
2000, increased up to 3.2 million metric tons in 2002 – 2003, and estimated 
reach more than 3.3 million metric tons in 2003 – 2004 (Anonymous, 2004). 
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Table 2.2 World Production of Palm Kernel Oil (thousand MT) 
Country 98 / 99 99 / 00 00 / 01 01 / 02 02/03 (p) 03/04 (f) 
Malaysia 1,250 1,360 1,507 1,463 1,585 1,700 
Indonesia 748  928 1,063 1,120 1,183 1,242 
Nigeria 140 142 127 138 140 145 
Thailand 39 67 55 74 61 78 
Cameroon 26 65 66 66 66 66 
Colombia 43 49 54 52 54 58 
Papua NG 19 23 24 24 25 26 
Ecuador 20 18 19 23 25 25 
Guinea 21 21 22 22 23 23 
C. d’Ivoire 22 21 20 21 21 22 
Ghana 17 17 17 17 18 18 
Others 82 82 83 99 91 92 
Total 2,427 2,793 3,057 3,119 3,292 3,495 
p = prediction, f = forecast, Source: Anonymous, 2004. 
 
 
 
 
Figure 2.8. Palm Kernel (Elais  gueneensis) 
10 – 15 mm 
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2.6.2 Rubber (Hevea brasiliensis) Seed Oil 
Rubber plantation is not only produce latex, but also rubber seeds, 
rubber honey and rubber wood. In Indonesia, until now only latex and rubber 
wood were exploited. The present crisis in the rubber plantation industry in 
Indonesia could be overcome only if alternate source of income are identified 
for the growers. One of the by-products of rubber plantation, which should be 
more exploited, is rubber seed. In Indonesia, rubber seed only used for 
replanting. 
The rubber tree starts to bearing fruit at four years of age. Each fruit 
contain three or four seeds, which fall to the ground when the fruit ripens and 
splits. Each tree yields about 800 seeds (1.3 kg) twice a year. The seed are 
large (usually weighing between 3.5 and 6.0 g). The seed coat (husk) is hard 
and shiny, brown or grey to brown with numerous darker mottles or streaks on 
the dorsal surface, but few or none on the ventral side. Normally, seeds are 
produce in July – September. The best quality seeds are obtained if collected 
soon after seed-fall, with minimum duration of contact with the ground. The 
possibility of lipase activity and fungal infestation increases with longer 
duration of seed on the ground. A rubber plantation is estimated to be able 
produce about 800  - 1200 kg rubber seed per ha. per years (Tean, B. et al., 
2002).  As reported by Indonesian Ministry of Agriculture, a rubber plantation 
in Indonesia in 2002 was about 3.3 million ha. According to this value, the 
Indonesian rubber plantation is estimated to be able produce around 3.3 
million tons rubber seeds per years. 
The average total weight of the dried rubber seed is about 4.5 g. The 
kernel of the rubber seed is roughly half the weight of the total seed. Per    
100 g, the kernel contains 40 to 50 g of highly unsaturated oil, 20 g protein 
and 20 g total carbohydrates, 2.5 g ash, 120 mg Ca, 430 mg P and water    
8.5 g. 
The kernel of rubber seed contains about 40 to 50 % of a yellow until 
dark yellow oil. According to Firestone (1999), the oils have a Spesific gravity 
(SG) of  0.924 – 0930,  Refractive Index 40  oC  of 1.466  - 1.469, Iodine value  
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of 132 – 141, Saponivication value  of 190 – 195, and  unsaponiviable  of     
0.5 – 1 %. Rubber seed oil is highly unsaturated oil. This is due to a relatively 
high content of oleic, linoleic and linolenic acids, as shown in Table 2.3.  
 
Table 2.3. Fatty Acids Composition of Rubber Seed Oils 
Fatty Acid Chain 
length 
GandhimV.M. 
et al. 
Firestone 
(AOCS) 
Filho, 
G.N. et 
al. 
Asuncao, 
F.P et al. 
Myristic C 14:0 0.2 - - - 
Palmitic C 16:0 10.1 9 - 11 6.2 7.7 
Palmitoleic C 16:1 0.3 - 3.1 - 
Stearic C 18:0 8.8 8 - 12 10.0 10.0 
Oleic C 18:1 24.6 17 - 30 20.8 49.9 
Linoleic C 18:2 38.9 35 - 45 42.3 32.3 
Linolenic C 18:3 17.1 14 - 26 17.6 - 
Arachidic C 20:0 - 1 - - 
 
 
 
 
 
 
 
 
 
 
Figure 2.9 Rubber Seed (Hevea brasiliensis) 
25 – 30 mm 
15 – 25 mm 
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Only few papers reported about rubber seed oil uses. According to its 
fatty acid composition, rubber seed oil can be used as substitute for linseed oil 
in the manufacture of paint. The rubber seed oil is also can be used in the 
formulation of anti-corrosive coating, polymer additi ves, alkyd resin and also 
bio-diesel. 
According to their chemical composition and nutritive value, rubber 
seed kernels can be considered as very good feedstuff. However, they do 
contain a toxic factor that is a problem in the use as animal feed. The toxic 
factor of rubber seeds is a cyanogenic glycoside that decomposes either as a 
result of enzyme action or from being in a very slightly acidic medium. 
The kernels of rubber seeds contained 749 mg HCN/kg, and that 
storage of the seeds at room temperature for minimum period of 2 months 
was an effective method of reducing the toxin concentration to safe levels. 
Moreover, the HCN content dramatically decreases under high temperatures 
during the oil extraction process. 
 
2.6.3 Other Potential Tropical Oil 
2.6.3.1 Candle Nut (Aleurites moluccana) Oil 
 Candle nut tree (Indonesia: kemiri) is a medium-sized tree, up to 20 
meter tall, ornamental, with wide spreading or pendulous branches of the 
family Euphorbiaceae. Candle nut is native to Indonesia, Malaysia, Polynesia, 
and Philippine, but now widely distributed in tropics such as Malagasy, Sri 
Lanka, India, Bangladesh, Brazil and Gulf Cost of United States (Duke, J.A., 
1983). 
Candle nut plantations yields are estimated at 5 – 20 MT/ha nuts, each 
tree producing 30 – 80 kg. Oil production varies from 15 to 20% of nut weight.  
Seed are moderately poisonous. Kernels when roasted and cooked are 
considered edible, may be strung as candlenuts.  
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The seed contain protein, carbohydrate, calcium, water and also yields 
57 – 80% of inedible, semi-drying oil, liquid at ordinary temperatures, 
solidifying at –15 oC. Oil, quicker drying than linseed oil. Candle nut oil has 
different fatty acids composition compare to that of another tung oils, such as 
Aleurites Montana and Aleurites fordii which has highly eleostearic acid 
(Gaydou, A.M. et al., 1982). Candle nut oil has high amount of linoleic (C18:2) 
and linolenic (9c,12c,15c-C18:3) acid. Fatty acids composition of this oil is 
shown in Table 2.4. 
Only few papers reported about candlenut oil uses. According to its 
fatty acid composition, candle nut oil can be used as a wood preservative, for 
varnishes and paint oil, as an illuminant, for soap making, waterproofing 
paper, rubber substitute and insulating material.   
The oil cake containing about 46% protein, 4.5% P2O5, and 2% K2O 
and is said to be poisonous, suggested because of a toxalbumin and HCN. 
Press cake is used as fertilizer. 
 
Table 2.4. Fatty Acid Composition of Candle Nut Oils 
Fatty Acid Chain 
length 
Giuffre, F. 
(1996) 
Ngiefu, C.K 
(1977) 
A. fordii *) A. 
Montana *) 
Palmitic C 16:0 5.4 8.4 3.6 0.4 
Palmitoleic C 16:1 0.1 - - - 
Stearic C 18:0 2.7 5.1 2.7 2.9 
Oleic C 18:1 18.8 26.6 8.0 14.4 
Linoleic C 18:2 46.9 39.1 10.9 14.9 
Linolenic C 18:3 25.4 20.8 - 0.3 
a-Eleostearic C 18:3 - - 85.7 67.1 
Arachidic C 20:0 0.2 - - - 
Gondoic C 20:1 0.4 - - - 
*)Source : Gaydou, A.M. et al. (1982) 
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Figure 2.10 Candlenut (Aleurites moluccana) 
 
2.6.3.2 Fenugreek (Trigonella foenum-graecum L.) Oil 
 Fenugreek (Indonesia: kelabet) is an herbaceous plant of the 
leguminous family and is native to West Asia and to date spread widely over 
Europe, the Mediterranean and rest of Asia, including Indonesia. 
 In Indonesia, and also in another Asia countries, fenugreek has 
numerous applications in the traditional medicine system. The seeds also 
function as a preservative and are added to special food or beverages. 
Fenugreek has also been used in treating colic flatulence, dysentery, diarrhea, 
dyspepsia with loss of appetite, chronic cough, dropsy, enlargement of liver 
and spleen, rickets, gout and diabetes. The seed is stated to be a tonic. It is 
also used in post-natal cure and to increase lactation in nursing mothers. The 
seed was used as a cure for baldness in the middle ages and as part of hair 
tonic (Rao, G.B. et al., 2002). 
25 – 30 mm 
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 Fenugreek seed contains a large number of individual compounds such 
as volatile oil, fixed oils, protein, carbohydrates, resin, pigment, vitamin, 
minerals and others. The seed oil has been obtained by extraction with an 
organic solvent. According to Firestone the fatty acid composition of 
fenugreek (seed) oil is shown in Table 2.5  (Firestone, D., 1999). 
 
Table 2.5 Fatty Acids Composition of Fenugreek Oil 
 
Fatty acid Chain 
length 
Firestone 
(AOCS) 
Palmitic C 16:0 10 
Stearic C 18:0 5 
Oleic C 18:1 15 
Linoleic C 18:2 42 
Linolenic C 18:3 22 
Arachidic C 20:0 2 
Behenic C 22:0 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11 Fenugreek Seed (Trigonella foenum-graecum L.) 
 
 
3 – 5 mm 
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2.6.3.3 Saga (Adenanthera pavonina) Seed Oil 
 Saga tree (Red sandalwood, Indonesia: Saga hutan) is classified as 
family Leguminosae and subfamily Mimosoideae.  It has long been important 
tree in Southeast Asia and the Pacific Island. This useful tree provides quality 
fuel-wood, wood for furniture, food and in Indonesia saga tree also provided 
shade and were planted as “nurse trees” in coffee, clove and rubber 
plantation. Saga tree has a medium to large sized deciduous tree, ranges in 
height from 6 – 15 m with diameters up to 45 cm. The tree is generally erect, 
having dark brown to grayish bark, and a spreading crown.  
 Flowers are borne in narrow spike-like racemes, 12 – 15 cm long, at 
branch ends. They are small, creamy-yellow in color, and fragrant. Each 
flower is star-shaped with five petals, connate at the base, and having 10 
prominent stamens bearing anthers tipped with minute glands. The curved 
pods are long and narrow, 15 – 22 cm by 2 cm, with slight constrictions 
between seeds, and dark brown in color turning black upon ripening. The hard 
coated seeds, 7.5 – 9.0 mm in diameter, are lens-shaped, vivid scarlet in 
color, and adhere to pods. The ripened pods remain on the tree for long 
period  (Anonymous, 1993). In some region, Java for example, the seeds are 
roasted, shelled, and then eaten with rice. The raw seeds are toxic and may 
cause intoxication. According to Balogun et al. saga seed contain 
approximately 21.06% crude protein, 18.88% crude fiber, 5.88% ash, 
26.234% nitrogen free extract, and 27.84% ether extract (Balogun, A.M. et al., 
1986). The seeds also contain about 14% oil, with iodine value 87.9. Fatty 
acid composition of saga seed oils described in Table 2.6 below (Ngiefu, C.K. 
et al., 1975). 
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Table 2.6 Fatty Acids Composition of Saga Seed Oil 
Fatty Acid Chain 
length 
Ngiefu,C.K 
(1975) 
Palmitic C16:0 8.1 
Stearic C18:0 1.9 
Oleic C18:1 15.1 
Linoleic C18:2 44.9 
Arachidic C20:0 0.7 
Gondoic C20:1 2.8 
 C20:2 0.3 
Behenic C22:0 2.9 
 C22:2 1.9 
Lignoceric C24:0 18.3 
Cerinic C26:0 3.0 
 
 
 
 
 
 
 
 
 
Figure 2.12 Saga Seed (Adenanthera pavonina) 
7 – 8 mm 
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3. Results and Discussion 
3.1 Introduction 
As explained in the Chapter 2, the disadvantage for technical 
application of lipase-catalyzed transesterification using alcohols or ester 
acetates method is, that is an equilibrium reaction.  Warwel et al. reported 
lipase-catalyzed conversion with dialkyl carbonates (Warwel et al., 1999). This 
method is not an equilibrium reaction, because the intermediate compound 
(carbonic acid monoacyl ester) decomposes immediately to carbon dioxide 
and alcohol, as shown in Figure 3.1.   
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Figure 3.1 Transesterification of Triglyceride with Dialkyl carbonates 
 
Plant oils usually extracted by mechanical pressing, solvents or both 
methods. Extraction of lipid with organic solvents is an industrial standard 
procedure. Hydrocarbons like hexane (n-hexane or isohexane) are most 
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widely used in industry (and also in laboratory scale). Dimethyl or diethyl 
carbonate can be used as organic solvents for lipid extraction. 
This experiment will explore dimethyl and diethyl carbonate as organic 
solvents for lipid extraction and also as raw material for methyl and ethyl 
esters synthesis. The process and the product will be environmental-friendly, 
because almost no waste produced. 
 
3.2 Screening of Commercially Available Lipases for Their Abilities to 
Transesterify the Triglyceride of Palm Kernel Oil with Dimethyl or 
Diethyl Carbonate  
 As explained in the Chapter 2, various mechanisms have been 
proposed for lipase-catalyzed transesterification of vegetable or plant oils with 
primary or secondary alcohols to produce fatty acid esters. Various lipases 
have also been screened for their ability to transesterify triglycerides with 
various alcohols. Nevertheless, none of them reports screening of 
commercially available lipases for their abilities to transesterify plant oil with 
dialkyl carbonates. 
 
3.2.1 Lipase Transesterification of Palm Kernel Oil with Dialkyl 
Carbonates or Alcohol in the Presence of Isohexane  
Several commercially available lipases were screened for their ability to 
transesterify palm kernel oil with dimethyl carbonate, diethyl carbonate, and 
short chain alcohols such as methanol and ethanol. Reaction was done in 
isohexane at 45 oC without any addition of water to find the most active 
lipases for transesterification. 
 The result show tha t among of several lipases source tested, only the 
lipase from Candida antartica lipase B (Novozym 435 and Candida B. Silica) 
was found most effective for transesterifying palm kernel oil with dimethyl or 
diethyl carbonate (34 % and 31 % respectively).  
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Even though the lipase from Candida antarctica lipase A (Chirazyme L-
5), Pseudomonas fluorescens and Mucor miehei (Lipozyme RM IM and its 
unimmobilized) were found effective in transesterify palm kernel oil with 
ethanol to the corresponding ethyl esters deri vatives (76 %, 73 %, 66 %, and   
9 % respectively), but these lipase were not effective in transesterify palm 
kernel oil neither with diethyl carbonate (0.71%, 0.24%, 0.93%, and 1.05% 
respectively) nor dimethyl carbonate as shown in Table 3.1 and Figure 3.2.    
The ineffectiveness of these lipases in transesterify palm kernel oil with dialkyl 
carbonates was only because dialkyl carbonates was not ‘a good substrate’ 
for these lipases and was not because ‘solvent poisonous’. This could be 
explained by transesterification of palm kernel oil with mixture of ethanol and 
dimethyl carbonate, or mixture of ethanol, dimethyl carbonate, and diethyl 
carbonate, both in the presence of isohexane as solvent and Lipozyme RM IM 
as biocatalyst. Under this condition, ethyl esters produced was about 61% and 
60% respectively. This value was not really different compare to that of ethyl 
esters produced only with ethanol as alkyl source (65%), as shown in Table 
3.2. 
Another lipases that were screened in this experiment, such as Carica 
papaya, Hog pancreas lipase, and Candida cylindracea were not effective in 
transesterify palm kernel oil neither with dialkyl carbonates nor short chain 
alcohols, as shown in Figure 3.2. 
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Figure 3.2. Lipases Abilities to Transesterify the Triglyceride of Palm Kernel 
Oil with Dimethyl Carbonate (DMC), Diethyl Carbonate (DEC), 
and Ethanol at 45 oC in Isohexane for 8 Hours. 
 
 
 
 
 
 
 
Results and Discussion                                                                                                          49 
Table 3.1 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Dialkyl Carbonates or Alcohol i n the Presence of Isohexane 
No Alkyl Enzyme Time
Ester MG DG TG Other
1 DMC N 435 8 h 34.12 3.05 8.52 51.72 2.59
24 h 42.76 3.26 5.65 46.43 1.90
2 DEC N 435 8 h 30.98 2.12 3.62 61.06 2.23
24 h 46.93 3.03 3.44 44.72 1.87
3 EtOH N 435 8 h 11.83 0.00 6.33 81.66 0.30
24 h 13.56 0.13 4.74 79.32 0.37
4 DMC CB Silica 8 h 23.80 0.00 1.98 73.19 1.03
24 h 37.50 0.00 0.42 61.47 0.61
5 DEC CB Silica 8 h 26.80 1.20 2.49 67.27 2.24
24 h 47.99 2.74 1.31 46.98 0.98
6 DMC Lipozyme 8 h 1.21 0.85 11.63 76.16 10.15
24 h 2.67 1.19 10.77 76.79 8.58
7 DEC Lipozyme 8 h 0.93 0.58 7.53 88.01 2.95
24 h 1.28 0.86 7.31 87.59 2.96
8 MeOH Lipozyme 8 h 0.13 0.12 1.07 97.55 1.14
24 h 0.24 0.07 1.26 97.74 0.68
9 EtOH Lipozyme 8 h 65.72 12.48 9.19 9.35 3.25
24 h 75.05 13.86 7.54 0.96 2.58
10 DEC CPL 8 h 0.00 0.00 7.80 86.58 5.62
11 EtOH CPL 8 h 0.00 0.00 1.11 97.75 1.13
12 DEC HPL 8 h 0.97 0.00 0.86 95.34 2.83
24 h 3.70 0.29 9.29 84.66 2.05
13 EtOH HPL 8 h 1.39 0.30 7.34 91.60 1.62
24 h 5.17 0.83 11.34 80.78 1.88
14 DEC PFL 8 h 0.24 0.21 5.64 91.94 1.96
24 h 0.58 0.37 6.65 88.92 3.48
15 EtOH PFL 8 h 72.78 12.95 11.50 0.00 1.78
24 h 86.46 4.85 6.26 0.00 2.43
Lipid composition (% w/w)
 
            Continued to the next page 
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Table 3.1 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Dialkyl Carbonates or Alcohol in the Presence of Isohexane  
(Continuation) 
No Alkyl Enzyme Time
Ester MG DG TG Other
16 DEC CL-5 8 h 0.71 0.11 1.99 91.34 6.57
24 h 3.20 0.59 9.85 84.07 1.97
17 EtOH CL-5 8 h 76.13 1.21 3.54 16.04 3.33
24 h 96.24 0.49 0.79 1.16 1.32
18 DEC CCL 8 h 0.13 0.08 1.69 92.80 5.29
19 EtOH CCL 8 h 0.00 0.07 0.41 96.34 3.18
24 h 1.22 0.14 3.72 92.19 2.73
20 DEC MML 8 h 1.05 0.00 0.00 92.16 6.79
24 h 1.58 0.46 6.92 85.72 5.32
21 EtOH MML 8 h 9.44 0.30 2.88 83.93 3.44
24 h 39.25 5.13 10.30 41.97 3.38
Lipid composition (% w/w)
 
note: See Abbreviation and Trade Name list in the beginning of this 
dissertation for acronyms used for some notation, the names of enzymes and 
chemicals. 
Starting materials:   
200.60 mg (0.286 mmol) of palm kernel oil   
 90 µl (1.00 mmol) of dimethyl carbonate    
   120 µl (1.00 mmol) of diethyl carbonate   
   32 µl (0.80 mmol) of methanol   
   46 µl (0.80 mmol) of ethanol   
   0.8 ml of isohexane   
   20 mg (10% weight of oil) of Enzyme   
Operation condition: 
45 oC and reaction were done in 5 ml closed reaction tube 
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Table 3.2. Lipozyme RM IM Abilities in Transesterify the Triglyceride of Palm 
Kernel Oil with Mixture of Dialkyl Carbonates and Alcohols at 45 oC  
in the Presence of Isohexane. 
 
No Alkyl Time 
ME EE MG DG TG Other 
1 EtOH + DMC 8 h 0.00 61.17 14.68 16.23 4.40 3.51 
24 h 0.00 68.94 14.11 12.41 2.93 1.61 
2 EtOH + DMC + 8 h 0.00 60.11 13.16 14.18 10.54 2.08 
24 h 0.00 67.25 10.36 18.57 3.22 0.59 
3 EtOH 8 h 0.00 65.72 12.48 9.19 9.35 3.25 
24 h 0.00 75.05 13.86 7.54 0.96 2.58 
4 MeOH 8 h 0.13 0.00 0.12 1.07 97.55 1.14 
24 h 0.24 0.00 0.07 1.26 97.74 0.68 
5 DMC 8 h 1.21 0.00 0.85 11.63 76.16 10.15 
24 h 2.67 0.00 1.19 10.77 76.79 8.58 
6 DEC 8 h 0.00 0.93 0.58 7.53 88.01 2.95 
24 h 0.00 1.28 0.86 7.31 87.59 2.96 
Lipid composition (%
 
note: See Abbreviation and Trade Name list in the beginning of this 
dissertation for acronyms used for some notation, the names of enzymes and 
chemicals. 
 
Starting materials:   
200.60 mg (0.286 mmol) of palm kernel oil   
 90 µl (1.00 mmol) of dimethyl carbonate    
   120 µl (1.00 mmol) of diethyl carbonate   
   32 µl (0.80 mmol) of methanol   
   46 µl (0.80 mmol) of ethanol   
   0.8 ml of isohexane   
   20 mg (10% weight of oil) of Lipozyme RM IM   
 
Operation condition: 
45 oC and reaction were done in 5 ml closed reaction tube 
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 Several commercially available lipases were also tested for their ability 
to transesterify palm kernel oil with dimethyl carbonate in isohexane at 
elevated temperature, 60 oC.  Again, among several lipases were tested, the 
lipase from Candida antarctica (Novozym 435 and Candida B. Silica) was 
found the most effective for transesterifying palm kernel oil with dimethyl 
carbonate, as shown in Figure 3.3 and Table 3.3. The result also show that at 
reaction temperature of 60 oC, the ethyl esters formation was higher compare 
to that of at reaction temperature of 45 oC which done in the first experiment 
described in previous subchapter above. 
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Figure 3.3 Lipases Abilities to Transesterify the Triglyceride of Palm Kernel Oil 
with Dimethyl Carbonate in Isohexane at 60 oC for 6 and 24 hours. 
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Table 3.3 Lipases Abilities to Transeterify the Palm Kernel Oil with  
Dimethyl Carbonate in the Presence of Isohexane as Solvent  
at 60 oC. 
No Enzyme Time
Ester MG DG TG Other
1 CB Silica 6 h 58.91 0.00 0.68 39.96 0.45
24 h 81.66 2.33 1.40 0.00 14.61
2 N 435 6 h 47.83 0.36 1.02 48.65 2.14
24 h 80.43 0.42 0.00 2.76 16.39
3 CCL 6 h 0.00 0.20 4.45 90.64 4.71
24 h 0.00 0.50 2.49 84.05 12.96
4 CL-5 6 h 0.00 0.11 7.30 89.84 2.75
24 h 0.00 0.00 5.89 89.64 4.47
5 MML 24 h 0.00 0.00 2.82 92.58 4.60
6 HPL 6 h 2.03 0.00 6.34 88.65 2.98
24 h 8.38 0.29 9.84 80.86 0.63
7 ANL 6 h 0.49 0.00 2.05 97.40 0.06
24 h 1.96 0.00 1.29 96.74 0.01
8 CPL 24 h 0.04 0.04 6.78 89.74 3.40
9 CRL 24 h 1.71 0.18 0.81 96.59 0.71
10 MJL 24 h 0.13 0.00 2.30 96.14 1.43
Lipid Composition (% w/w)
 
note: See Abbreviation and Trade Name list in the beginning of this 
dissertation for acronyms used for some notation, the names of enzymes and 
chemicals. 
 
Starting materials:   
100 mg (0.143 mmol) of palm kernel oil    
 40 µl of dimethyl carbonate    
   1.5 ml of isohexane 
   10 mg (10% weight of oil) of lipase   
Operation condition: 
60 oC and reaction were done in 5 ml closed reaction 
tube. 
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3.2.2 Lipase Transesterification of  Palm Kernel Oil with Dimethyl 
Carbonate  as Substrate and Solvent 
A series of commercially available lipases was screened for their ability 
to transesterify palm kernel oil with dimethyl carbonate without added another 
organic solvent at 60 oC. In this experiment, dimethyl carbonate at the same 
time was acted both as substrate and solvent. The result shows that the lipase 
from Candida antarctica (Novozym 435 and Candida B. Silika) was found the 
most effective for transesterifying palm kernel oil with dimethyl carbonate as 
shown in Figure 3.4 and Table 3.4.  Ester formation on the transesterification 
of palm kernel oil with dimethyl carbonate without another organic solvent was 
higher than that of on the transesterification of palm kernel oil with dimethyl 
carbonate in isohexane.  
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Figure 3.4 Lipases Abilities to Transesterify the Triglyceride of Palm Kernel Oil 
with Dimethyl Carbonate at 60 oC for 8 and 24 Hours Reaction.  
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Table 3.4 Lipases Abilities to Transeterify the Palm Kernel Oil with  
Dimethyl Carbonate as Substrate and Solvent at 60 oC. 
No Enzyme Time
Ester MG DG TG Other
1 CB Silika 8 h 84.12 1.59 1.58 3.44 9.27
24 h 87.58 2.33 1.40 0.00 8.69
2 N 435 8 h 80.25 6.32 1.35 0.87 11.21
24 h 88.65 1.74 0.00 0.00 9.61
3 CCL 24 h 0.71 0.00 0.24 98.35 0.70
4 CL-5 24 h 0.46 0.11 7.02 88.26 4.15
5 MML 24 h 0.00 0.00 0.00 98.18 1.82
6 HPL 8 h 0.81 0.00 0.34 97.52 1.33
24 h 7.06 0.40 4.10 85.97 2.47
7 ANL 24 h 0.08 0.00 2.12 96.75 1.05
8 CPL 8 h 0.00 0.00 7.43 86.64 5.93
24 h 0.00 0.17 9.26 85.11 5.46
9 CRL 24 h 0.00 0.00 0.00 98.30 1.70
10 MJL 24 h 0.46 0.00 2.24 94.68 2.62
11 Esterase 8 h 0.00 0.00 0.00 99.16 0.84
24 h 0.00 0.00 0.00 98.89 1.11
Lipid Composition (% w/w)
 
note: See Abbreviation and Trade Name list in the beginning of this 
dissertation for acronyms used for some notation, the names of enzymes and 
chemicals. 
 
Starting materials:   
100 mg (0.143 mmol) of palm kernel oil    
 1.5 ml of dimethyl carbonate    
   10 mg (10% weight of oil) of lipase   
 
Operation condition: 
60 oC and reaction were done in 5 ml closed reaction tube 
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3.2.3 Summary 
 Among several lipases source screened, only the lipase B from 
Candida antarctica, in the immobilized forms, namely Novozym 435 and 
Candida B. Silica, was found to be effective for transesteriying palm kernel oil 
with dialkyl carbonate, in the presence of isohexane at 45 oC. Novozym 435 
was also found to be the most effective lipase that transesterify palm kernel oil 
to its esters at 60 oC without any added organic solvents. According to this 
result, Novozym 435 was used as catalyst for further experiment. 
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3.3 Transesterification of Palm Kernel Oil with Dimethyl and Diethyl 
Carbonate Catalyzed by Novozym 435 
 As reported in part 3.2 above, among several sources of lipases 
screened, only lipase from Candida antarctica lipase B (Novozym 435 and 
Candida B. Silica) was the most effective for transesterifying palm kernel oil 
with dialkyl carbonates both in the presence of isohexane as solvent or dialkyl 
carbonates as substrate and solvent. Therefore, for further experiment, only 
Novozym 435 was used as lipase source.  
 Some key aspects of lipase-catalyzed esters synthesis have been 
investigated and reported such as the source of alkyl donor (Mittelbach, 1990; 
Linko et al., 1994; Brunet et al., 1999), the role of water (Leitgeb et al., 1990; 
Jeong et al., 1997; Wehtje et al., 1997), the effect of temperature and 
pressure condition (Iso, M. et al., 2001; Athawale et al., 2003), and the effect 
of an organic solvents (Amaya et al., 1995). Some of these key aspects were 
also investigated in the transesterification of palm kernel oil with dialkyl 
carbonates catalyzed by Novozym 435. 
 
3.3.1 Effect of Alkyl Sources on the Esters Formation 
 The type of alkyl source plays an important role in the reaction kinetic 
when enzymes are used as catalyst. Four alkyl donors were studied on the 
lipase-catalyzed transesterification with palm kernel oil. Transesterification 
with 1:3 (palm kernel oil/alkyl source) molar ratio was performed without any 
added solvent. The result show that among the alkyl donor used, the highest 
rate of ester formation was obtained using dialkyl carbonates as alkyl sources. 
 As shown in Figure 3.5 and Table 3.5 below, by using short chain 
alcohols such as methanol and ethano l as alkyl source, the rate of esters 
formation was low. After 8 hours reaction, the formation of methyl and ethyl 
esters was only 11% and 12% respectively. The esters formation was still low 
and only slightly increases, 13% and 19% respectively, when reaction was 
extended up to 24 hours. Event though reaction was prolonged up to 48 
hours, the esters formation was not more than 30%.  
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 The result reported here agree with those of Shimada et al. who found 
that a single addition of methanol to solvent-free alcoholysis reaction 
catalyzed by SP435 (Candida antarctica lipase supported on a macro porous 
acrylic resin) resulted in low conversion to methyl esters (Shimada et al., 
1999). Similar result was also reported by Hsu et al. who found that the 
immobilized SP435 was less-active biocatalyst and gave low conversion to 
ester (20 – 30% after 48 h of reaction) on the transesterification of restaurant 
grease with ethanol (Hsu et al., 2002). As well known, the lipase-catalyzed 
transesterification of triglyceride with an alcohol is an equilibrium reaction and 
when short chain alcohol was used as a substrate, it did not dissolve well with 
palm kernel oil and the reaction did not take place homogenously. Some 
papers reported that an organic solvent was required for this reaction (Nelson 
et al., 1996; Iso, M. et al., 2001).   
 Different result was found when dimethyl and diethyl carbonate were 
used as alkyl donor. As shown in Table 3.5, the esters formation rate with 
dialkyl carbonates about 6 – 7 times higher than that of with short chain 
alcohols. The formation of methyl and ethyl esters were about 40% after 1 
hour, and reached up to 76% and 73% respectively after 8 hours. The esters 
formation was than increases up to 83% and 81% respectively when reaction 
was prolonged up to 24 hours. The highest of esters formation could be 
explained because when dialkyl carbonates are used as a substrate the 
reaction is not equilibrium, because intermediate compound was decomposed 
immediately to carbon dioxide and alcohol. In the same condition palm kernel 
oil was also dissolve well in dialkyl carbonates.  
 It can be seen that for single step lipase-catalyzed transesterification of 
vegetable oils (especially palm kernel oil), diakyl carbonates (in this case 
dimethyl and diethyl carbonate) is a better substrate compare to that of short 
chain alcohols. Typical time course plots for this reaction are shown in Figure 
3.5.  
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Figure 3.5 Time Course of Transesterification of Palm Kernel Oil with: 
u Methanol, n Ethanol, l Dimethyl Carbonate, s Diethyl Carbonate, 
Without Organic Solvent at 60 oC . 
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Table 3.5 Ester Formation (% w/w) on the Transesterification of                  
Palm Kernel Oil with Various Alkyl Sources 
No Alkyl Time
Ester MG DG TG Other
1 MeOH 8 h 10.92 1.92 6.85 80.28 0.04
24 h 13.58 2.11 7.06 76.58 0.66
2 EtOH 8 h 12.15 0.00 6.43 80.67 0.75
24 h 19.31 0.00 3.32 76.16 1.20
3 DMC 8 h 76.11 8.91 5.57 4.95 4.46
24 h 83.24 7.75 3.22 0.00 5.80
4 DEC 8 h 73.88 8.76 5.43 7.20 4.73
24 h 81.23 8.86 5.05 0.00 4.87
Lipid composition (% w/w)
 
note: See Abbreviation and Trade Name list in the beginning of this 
dissertation for acronyms used for some notation, the names of enzymes and 
chemicals. 
 
 
 
Starting materials:   
500 mg (0.70 mmol) of palm kernel oil    
 220 µl (2.44 mmol) of dimethyl carbonate    
   290 µl (2.46 mmol) of diethyl carbonate   
   100 µl (2.50 mmol) of methanol   
   140 µl (2.43 mmol) of ethanol   
   50 mg (10% weight of oil) of Novozym 435   
 
Operation condition: 
60 oC and reaction were done in 5 ml closed reaction 
tube. 
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3.3.2 Effect of Substrate Molar Ratio on the Esters Formation  
 To ensure that the reaction proceeds rapidly and completely, the 
enzyme should not be inhibited by substrate concentration. Various substrate 
molar ratios were performed to test its effect on the formation of esters.  
As shown in Figure 3.6 and Table 3.6, by using dimethyl carbonate as 
substrate, the esters formation was low when molar ratio of dimethyl 
carbonate/palm kernel oil lower than three (mol/mol) was used. This could be 
explained because a quantity of dimethyl carbonate was not enough for 
complete reaction. The esters formation was increase with increasing of molar 
ratio. The highest esters formation was obtained when molar ratio of dimethyl 
carbonate/palm kernel oil was 20 mol/mol (82.45%). However, the ester 
formation was decrease when the molar ratio of substrate was increased 
more than100 mol/mol. 
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Figure 3.6 Ester Formation on the Transesterification of Palm Kernel Oil with 
Dimethyl Carbonate in Various Molar Ratios of Substrate at 50 oC 
for 8 Hours. 
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Table 3.6. Ester Formation (% w/w) on the Transesterification of 
Various Molar Ratios of Palm Kernel Oil with Dimethyl 
Carbonate  
No. DMC/PKO Time
(mol/mol) Ester MG DG TG Others
1 1 8 h 11.67 3.17 12.79 65.45 6.92
2 2 8 h 26.55 2.84 7.31 58.95 4.35
3 3 8 h 57.93 7.45 8.99 19.91 5.71
4 6 8 h 70.24 10.34 7.23 6.63 5.55
5 9 8 h 76.15 8.52 4.63 3.82 6.87
6 20 8 h 82.45 7.07 1.72 0.00 8.75
7 100 8 h 71.39 5.55 6.57 2.62 13.87
8 200 8 h 50.09 6.53 17.78 16.52 9.07
Lipid Composition (% w/w)
 
 
Starting materials:   
100 mg (0.143 mmol) of palm kernel oil      
   15 – 3000 µl of dimethyl carbonate   
   10 mg (10% weight of oil) of Novozym 435   
 
Operation condition: 
50 oC and reaction were done in 15 ml closed reaction 
tube. 
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As shown in Figure 3.7 and Table 3.7, by using diethyl carbonate as 
solvent, the highest ester formation was obtained when molar ratio of diethyl 
carbonate/palm kernel oil of three mol/mol or stoichiometric amounts (79% for 
8 hours reaction). The formation of esters decreased with an increase in the 
molar ratio excess.  
  When the molar ratio of diethyl carbonate/palm kernel oil was             
20 mol/mol, event though all of the triglyceride seems to be converted 
completely, but the formation of ester lower than that of when molar ratio was 
three mol/mol or eight mol/mol. This could be because of highly content of 
‘other’ compound (fatty acids) at product (around 20%). The ester formation 
increased up to 93% and its fatty acids content than decreased when reaction 
was prolonged up to 24 hours. This suggests that the water present in the 
enzyme preparation and in the system is a better nucleophile than diethyl 
carbonate, and therefore, fatty acids is produced first and is then esterified by 
the enzyme with diethyl carbonate acting as nucleophile.  
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Figure 3.7 Ester Formation on the Transesterification of Palm Kernel Oil with 
Diethyl Carbonate in Various Molar Ratio of Substrate at 60 oC . 
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Table 3.7. Ester Formation (% w/w) on the Transesterification of Various Mol 
Ratio of Palm Kernel Oil with Diethyl Carbonate 
No. DEC/PKO Time
(mol/mol) Ester MG DG TG Other
1 3 8h 79.45 6.58 3.87 8.60 1.50
24 h 83.19 9.51 3.70 7.77 6.99
2 6 8h 57.45 9.46 5.14 13.81 13.81
24 h 90.10 4.85 1.26 0.00 3.79
3 8 8h 73.32 5.75 4.14 4.64 12.16
24 h 91.54 3.92 0.62 0.00 3.92
4 20 8h 69.37 7.69 2.81 0.00 20.13
24 h 92.81 1.59 0.00 0.00 5.80
5 80 8h 67.97 1.57 6.50 9.92 14.04
24 h 83.86 0.73 0.00 0.00 15.40
Lipid Composition (% w/w)
 
 
Starting materials:   
100 mg (0.143 mmol) of palm kernel oil      
   0.40 – 11.2 mmol of diethyl carbonate   
   10 mg (10% weight o f oil) of Novozym 435   
 
Operation condition: 
 60 oC and reaction were done in 15 ml closed reaction 
tube. 
 
 It can be seen that amount of dimethyl and diethyl carbonate gave a 
different effect on the esters formation. It could be because in lipase-catalyzed 
transesterification with dimethyl carbonate, activity of enzyme was inhibited by 
methanol that produced during reaction. The same problem was not 
happening when diethyl carbonate was used as substrate. 
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3.3.3 Effect of Amount of Novozym 435 on the Ester Formation 
 The amount of enzyme used is a crucial economical factor for 
successful industrial application. Therefore, the effect of amount of enzyme on 
the transesterification of palm kernel oil with dialkyl carbonates was examined 
with the various amount of enzyme range from 5% to 20% on the weight base 
of oil at 60 oC. 
 There was a gradual increase in the formation of esters with the 
enzyme amount from 5 % to 12 % (w/w of oil) on the lipase-catalyzed 
transesterification of palm kernel oil with dimethyl carbonate for 8 hours 
reaction. When reaction was prolonged up to 24 hours, the result show that in 
all condition used the formation of esters nearly at the same value, this 
indicate that reaction was nearly finish (Table 3.8). Further increases in the 
quantity of the enzyme up to 15 % (w/w of oil) resulted slightly increase in the 
esters formation, as shown in Figure 3.8.  
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Figure 3.8 Ester Formation on the Transesterification Palm Kernel with 
Dimethyl Carbonate in the Presence of Various Concentrations of 
Novozym 435 at 60 oC. 
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Table 3.8. Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Dimethyl Carbonate in the Presence of Various Amount of 
Novozym 435 
No. Enzyme Time
% (w/w of oil) Ester MG DG TG Other
1 5 8 h 37.41 3.70 6.82 46.06 6.01
24 h 72.00 9.05 6.92 4.00 8.04
2 10 8 h 66.29 7.74 7.60 11.06 7.32
24 h 86.03 4.99 0.00 0.00 8.98
3 12.5 8 h 81.07 6.54 4.22 0.00 8.17
24 h 86.51 7.39 0.00 0.00 6.10
4 15 8 h 81.93 6.82 3.22 0.00 8.03
24 h 86.95 3.60 0.00 0.00 9.45
Lipid Composition (% w/w)
 
 
 
Starting materials:   
500 mg (0.71 mmol) of palm kernel oil      
   0.70 ml (7.77 mmol) of dimethyl carbonate   
   25 - 75 mg (5 - 15% weight of oil) of Novozym 435 
  
Operation condition: 
60 oC and reaction were done in 15 ml closed reaction 
tube. 
 
 The similar result was also found when diethyl carbonate was used as 
alkyl source instead of dimethyl carbonate. The formation of esters were 
gradual increase with enzyme amount from 5% - 20% (w/w of oil) for 8 hours 
reaction. Except with enzyme amount of 5% (w/w of oil), the formation of 
esters nearly in the same value when reaction was increased up to 24 hours 
(Table 3.9). 
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 For the economic point of view, enzyme amount of 10 % on the weight 
base of oil was used for further reaction. In this condition, enzyme activity was 
9.8 µmol/min.g  (enzyme activity was defined as amount of substrate 
converted per gram of Novozym 435 used). 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9 Ester Formation on the Transesterification of Palm Kernel with 
Diethyl Carbonate in the Presence of Various Amounts of Novozym 
435 at 60 oC. 
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Table 3.9 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Diethyl Carbonate in the Presence of Various Amounts of 
Novozym 435 
No Enzyme Time
(% w/w of oil) Ester MG DG TG Other
1 5 8 h 14.78 0.00 12.82 69.49 2.29
24 h 34.87 1.96 16.02 41.46 5.69
2 10 8 h 64.52 1.80 7.47 12.57 13.64
24 h 83.45 1.23 0.00 0.00 15.33
3 15 8 h 78.02 1.79 2.05 0.00 18.72
24 h 88.34 0.72 0.00 0.00 10.09
4 20 8 h 85.29 0.54 0.00 0.00 14.18
24 h 90.93 0.00 0.00 0.00 9.09
Lipid composition (% w/w)
 
 
Starting materials:   
130 mg (0.185 mmol) of palm kernel oil      
   2 ml (16.94 mmol) of diethyl carbonate   
   6.5 - 26 mg (5 - 20% weight of oil) of Novozym 435  
 
Operation condition: 
60 oC and reaction were done in 15 ml closed reaction 
tube. 
 
 As shown in Table 3.8 and 3.9 above, beside produce alkyl esters, 
monoglycerides, and diglycerides, lipase-catalyzed transesterification of palm 
kernel oil with dialkyl carbonates was also produce high ‘other compound’. 
Analysis of this compound by GC showed that these compounds are ester 
carbonate (see Figure 6.3). These compounds are produce from reaction 
between dialkyl carbonates with gylcerol that produced during reaction. 
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3.3.4 Effect of Reaction Temperature on the Ester Formation  
 Temperature is one of important factor influencing enzyme activity. In 
general, the rate of a reaction increases with rise in temperature. However, on 
increasing the temperature, the mobility of protein segments in the enzyme 
increases while the strength of hydrophobic interaction decreases. Generally, 
above ambient temperature condition, up to 45 oC, a gradual decrease in the 
catalytic activity of the enzyme is observed (Athawale et al., 2003). 
 The effect of temperature on transesterification of palm kernel oil with 
dialkyl carbonates was examined  at the temperature range  from 40 oC to   80 
oC. As shown in Figure 3.10 and Table 3.10, by using dimethyl carbonate as 
alkyl source the highest ester formation was observed when temperature of 
60 oC was used. In contrast to 40 and 50 oC, at 60 and 70 oC, little difference 
were observed, and the reaction proceeded nearly identically with about 70 
and 68% of esters reached within 8 hours respectively. However, the esters 
formation decreased with temperature more than 70 oC. 
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Figure 3.10 Time Course of Transesterification of Palm Kernel Oil with Dimethyl 
Carbonate at Various Temperatures. 
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Table 3.10. Ester Formation (% w/w) on the Transesterification of  Palm Kernel 
Oil with Dimethyl Carbonate at the Various Temperatures. 
No. Temperature Time
(C) Ester MG DG TG Other
1 40 8 h 27.51 4.66 18.58 40.26 8.99
24 h 54.44 0.00 8.57 31.34 5.65
2 50 8 h 35.58 9.84 13.91 32.44 8.23
24 h 60.52 2.07 8.56 15.46 13.39
3 60 8 h 70.24 4.50 8.06 10.01 7.18
24 h 90.01 2.42 1.09 0.00 6.48
4 70 8 h 68.36 4.08 12.26 2.75 12.56
24 h 85.16 5.35 4.24 0.00 5.24
5 80 8 h 63.15 8.49 12.08 10.79 5.49
24 h 83.67 3.72 3.55 0.00 9.06
Lipid Composition (% w/w)
 
 
Starting materials:   
1000 mg (1.43 mmol) of palm kernel oil      
   20 ml   of dimethyl carbonate   
   100 mg (10% weight of oil) of Novozym 435   
Operation condition: 
40 - 80 oC and reaction were done in 15 ml closed 
reaction tube. 
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Nevertheless, different result was found when diethyl carbonate was 
used as alkyl source instead of dimethyl carbonate. As shown in Figure 3.11 
and Table 3.11, the formation of esters increased up to 64% when 
temperature was raised up to 60 oC. The ester formation decrease when 
temperature was raised up to 70 oC. 
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Figure 3.11 Time Course of Transesterification of Palm Kernel Oil with Diethyl 
Carbonate at Various Temperatures. 
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Table. 3.11 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Diethyl Carbonate at the Various Temperatures. 
 
No. Temperature Time 
(C) Ester MG DG TG Other 
1 40 8 h 36.65 1.43 9.24 44.79 7.89 
24 h 56.58 1.37 7.33 24.90 9.67 
2 50 8 h 45.13 1.38 12.32 31.67 9.49 
24 h 63.52 2.07 5.56 15.46 13.39 
3 60 8 h 64.52 1.80 7.47 12.57 13.64 
24 h 83.45 1.23 0.00 0.00 15.33 
4 70 8 h 42.05 1.70 13.76 34.90 7.59 
24 h 66.57 2.19 7.10 13.89 11.23 
Lipid Composition (% w/w) 
 
 
Starting materials:   
130 mg (0.185 mmol) of palm kernel oil      
   2.0 ml   of diethyl carbonate   
   13 mg (10% weight of oil) of Novozym 435   
 
Operation condition: 
40 - 70 oC and reaction were done in 15 ml closed 
reaction tube. 
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3.3.5 Effect of Water Addition on the Esters Formation  
 Enzyme catalysis in organic media is greatly influenced by the 
environment of the enzyme. The organic solvent as well as the water content 
in the reaction medium affects the rate of catalysis (Torres et al., 1996; Wehtje 
et al., 1997). Amount of water present in the media is one of critical 
parameter. When using enzymes in organic media some water is necessary 
for enzyme activity. Water in such a system is distributed between enzyme, a 
possible carrier, solvent, substrate, and head space (Anthonsen et al., 1998). 
As reported by Shah et al., as the water level increases, it increases the 
enzyme flexibility and the expressed activity. After the optimum level of water, 
hydrolytic reaction become significant and transesterification yield is expected 
to go down (Shah, S. et al., 2004).  
 In order to investigate the effect of the water content as a factor limiting 
the activity of the catalyst, various amount of water was added to the dialkyl 
carbonates before lipase-catalyzed transesterification of palm kernel oil with 
dialkyl carbonates was taken. 
 The result shows that the formation of esters is lowest when no added 
any water in the system, i.e. 13% for 8 hours reaction. The esters formation 
increase drastically up to more than 70% when water was added up to 0.2 % 
on the volume base of dimethyl carbonate. The formation of ester was slightly 
changes when water was added about 0.3% - 0.5% (v/v). However, ester 
formation extremely decreases when water was added up to 1.0 % (v/v) 
(Table 3.12). 
Almost similar result was found when diethyl carbonate was used as 
substrate instead of dimethyl carbonate. As shown in Table 3.13, without any 
added water the formation of ester only reached 43%. The highest ester 
formation, about 64%, was found when 0.1 % - 0.2 % (v/v) water was added 
to the diethyl carbonate. The formation of esters decrease when water was 
added more than 0.4 % (v/v). 
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Figure 3.12 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Dimethyl Carbonate Containing Various Amount of Water.       
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Table 3.12 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Dimethyl Carbonate Containing Various Amount of Water  
No Water Time
%(v/v of DMC) Ester MG DG TG Other
1 0.0 8 h 13.07 1.31 19.33 63.20 3.09
24 h 59.38 11.15 5.57 17.92 5.98
2 0.1 8 h 71.11 5.34 11.21 1.37 10.97
24 h 81.21 4.79 2.32 0.00 11.68
3 0.2 8 h 77.07 3.91 4.99 0.97 13.06
24 h 87.64 2.22 0.00 0.00 10.14
4 0.3 8 h 75.83 3.57 7.15 0.62 12.83
24 h 88.85 0.46 0.00 0.00 10.69
5 0.4 8 h 77.94 3.17 3.58 1.17 14.14
24 h 87.12 0.00 0.00 0.00 12.88
6 0.5 8 h 75.64 3.70 7.17 2.48 11.01
24 h 86.91 1.24 0.00 0.00 11.85
7 1.0 8 h 44.32 1.74 16.08 27.22 10.64
24 h 84.67 0.00 1.37 0.00 13.96
8 1.5 8 h 14.83 0.28 10.46 71.91 2.52
24 h 65.77 1.77 9.30 13.19 9.97
9 2.0 8 h 8.11 0.20 7.90 82.21 1.58
24 h 51.27 1.03 10.87 28.13 8.70
Lipid  Composition (% w/w)
 
Starting materials:   
100 mg (0.143 mmol) of palm kernel oil      
   1.5 ml   of dimethyl carbonate   
   10 mg (10% weight of oil) of Novozym 435   
 
Operation condition: 
 60 oC and reaction were done in 15 ml closed reaction 
tube. 
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Figure 3.13 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Diethyl Carbonate Containing Various Amount of Water       
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Table 3.13 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Diethyl Carbonate Containing Various Amount of Water     
No. Water Time
% (v/v DEC) Ester MG DG TG Other
1 0 8 h 42.74 1.58 5.79 45.69 4.20
24 h 66.50 3.13 6.03 10.35 13.98
2 0.1 8 h 64.50 2.69 7.08 11.90 13.84
24 h 80.77 2.11 0.00 0.00 17.12
3 0.2 8 h 64.52 1.80 7.47 12.57 13.64
24 h 83.45 1.23 0.00 0.00 15.33
4 0.4 8 h 42.29 0.81 9.85 40.53 6.53
24 h 77.68 1.06 5.60 0.00 15.66
5 0.6 8 h 37.41 0.86 11.76 42.85 7.13
24 h 79.97 1.16 3.06 0.00 15.80
6 0.8 8 h 20.26 0.35 9.38 67.52 2.49
24 h 53.98 2.67 9.64 22.16 11.55
Lipid Composition (% w/w)
 
Starting materials:   
130 mg (0.185 mmol) of palm kernel oil      
   2.0 ml   of diethyl carbonate   
   13 mg (10% weight of oil) of Novozym 435   
 
Operation condition:  
60 oC and reaction were done in 15 ml closed reaction 
tube. 
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 Combination of temperature and water content affected on the ester 
formation as shown in Figure 3.14 and Table 3.14. The highest ester 
formation was obtained at water content of 0.2% and 60 oC.   
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Figure 3.14 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Diethyl Carbonate Containing Various Amount of Water.      
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Table 3.14 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Diethyl Carbonate Containing Various Amount of Water     
No. Temp. (C) Water
(%) a) Ester MG DG TG Other
1 40 0.0 30.53 1.02 14.70 43.68 10.07
0.1 41.41 0.81 8.79 41.69 7.31
0.2 36.65 1.43 9.24 44.79 7.89
0.4 15.20 0.00 5.08 76.64 3.08
0.6 9.43 0.00 1.99 88.60 0.19
0.8 7.38 0.00 0.00 92.40 0.22
2 50 0.0 39.47 1.83 11.29 38.41 9.00
0.1 49.04 1.96 10.29 27.70 11.00
0.2 45.13 1.38 12.32 31.67 9.49
0.4 34.55 0.50 10.59 47.05 7.30
0.6 14.08 0.00 6.09 77.17 2.65
0.8 10.86 0.00 6.06 82.61 0.47
3 60 0.0 42.74 1.58 5.79 45.69 4.20
0.1 64.50 2.69 7.08 11.90 13.84
0.2 64.52 1.80 7.47 12.57 13.64
0.4 42.29 0.81 9.85 40.53 6.53
0.6 37.41 0.86 11.76 42.85 7.13
0.8 20.26 0.35 9.38 67.52 2.49
4 70 0.0 39.53 1.50 10.38 43.71 4.88
0.1 42.37 0.00 6.11 46.30 5.22
0.2 42.05 1.70 13.76 34.90 7.59
0.4 49.72 0.94 10.33 30.24 8.78
0.6 35.41 0.83 15.09 43.55 5.14
0.8 33.31 0.00 10.12 53.65 2.91
Lipid Composition (% w/w)
 
Starting materials:   
130 mg (0.185 mmol) of palm kernel oil      
   2.0 ml  of diethyl carbonate   
   13 mg (10% weight of oil) of Novozym 435   
 
Operation condition:  
60 oC and reaction were done in 15 ml closed reaction 
tube for 8 hours. 
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3.3.6 Effect of Repeated Used of Enzyme on the Ester Formation 
 The main advantage of immobilization of an enzyme is that an 
expensive enzyme can be repeatedly used.  It was observed, how the 
reaction behavior changes when an immobilized enzyme is used repeatedly.  
 The change of enzymatic activity of Novozym 435 was examined at    
60 oC. As shown in Table 3.15, the formation of esters was decreased to 
about two-third when Novozyme 435 was used for second time, continue 
decreases when it was used for third and forth time. The decreasing of ester 
formation could be happen because of the decreasing of enzyme activity, 
because when an immobilized enzyme was used for the first time, some 
amount of enzyme was desorbed and cannot observed after further repeated 
use. Glycerol that produced during reaction and adsorbed onto the enzymatic 
support might also be leading to drastic decrease in enzyme activity. 
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Figure 3.15 Time Course of Transesterification of Palm Kernel Oil with Diethyl 
Carbonate Using Reused Enzyme 
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Table 3.15 Effect of Repeated Used of Enzyme on the Ester Formation        
(% w/w) of Transesterification of Palm Kernel Oil with Diethyl 
Carbonate 
No. Cycles Time
(times) Ester MG DG TG Other
1 Fresh 8 h 67.97 1.57 6.50 9.92 14.04
24 h 83.86 0.73 0.00 0.00 15.40
2 1 8 h 40.16 2.32 13.75 36.98 6.79
24 h 55.20 2.03 11.08 21.16 10.52
3 2 8 h 18.43 1.15 10.34 66.98 3.10
24 h 26.60 1.69 13.60 54.25 7.37
4 3 8 h 13.06 0.00 0.65 86.28 0.00
24 h 21.16 0.00 5.60 71.81 1.43
Lipid Composition (% w/w)
  
 
Starting materials:   
 1.0 g (1.43 mmol) of palm kernel oil      
              15 ml  of diethyl carbonate (containing 0.2% v/v of water) 
   100 mg (10% weight of oil) of Novozym 435   
 
Operation condition:   
60 oC and reaction were done in 50 ml three neck round 
bottom flask connected with condenser. 
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3.3.7 Effect of Quality of Dialkyl Carbonates on the Ester Formation 
 Quality of substrate or solvent is one of important thing on the 
transesterification of plant oil with dialkyl carbonates. Therefore, various 
qualities of dialkyl carbonates were tested to found its effect on the ester 
formation. 
 As shown in Table 3.16, un-percolated dimethyl or diethyl carbonate 
resulted the low ester formation. Especially for un-percolated diethyl 
carbonate, it could be happen because enzyme activity was decrease with the 
presence of some impurities in the solvent. The low ester formation was also 
expected because of methanol and ethanol contain in un-percolated dialkyl 
carbonates is lower than that of percolated one. Experiment was done to 
found effect of methanol or ethanol contain in the dialkyl carbonates with 
added methanol or ethanol to un-percolated dimethyl or diethyl carbonate 
respectively. The result shows that formation of ester increase up to 69% 
when 1% (v/v) of methanol was added to un-percolated dimethyl carbonate, 
compare to that of 39% without added methanol. However, similar result was 
not showed when the same treatment was done to unpercolated diethyl 
carbonate. 
 Another experiment was also done using reused (repeated used) 
dialkyl carbonates. The result shows that formation of ester for both reused 
(and percolated) dimethyl or diethyl carbonates was higher than that of 
percolated one. It is not clear whether this is because reused dialkyl 
carbonates contains more alcohol than that of percolated one. From those two 
results shows that percolated is important in the case of diethyl carbonate.  
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Table 3.16 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Various Quality of Dialkyl Carbonates 
No. Quality of carbonate Time
Ester MG DG TG Others
1 DEC unpercolated 8 h 31.74 0.00 10.00 55.13 3.13
24 h 44.39 3.45 10.16 36.27 5.74
2 DEC percolated 8 h 75.21 1.46 5.57 8.06 9.70
24 h 80.93 1.98 2.44 0.91 13.75
3 DEC reused 8 h 87.92 1.29 0.00 0.00 10.78
24 h 87.71 0.00 0.00 0.00 12.29
4 DEC unperc+ 1% EtOH 8 h 25.08 2.93 17.64 51.63 2.72
24 h 37.36 2.19 17.34 37.26 5.85 
5 DMC unpercolated 8 h 39.13 2.53 17.68 39.98 0.68
24 h 67.05 8.52 12.45 6.31 5.66
6 DMC percolated 8 h 76.30 4.05 5.62 5.10 8.94
24 h 90.21 3.38 0.78 0.00 5.63
7 DMC reused 8 h 82.88 3.14 1.77 3.02 9.18
24 h 84.34 2.49 0.00 0.00 13.17
8 DMC unperc+ 1% MeOH 8 h 69.63 9.10 8.11 6.73 6.43
24 h 85.67 4.26 2.33 0.00 7.74
 8 h
 
note: See Abbreviation and Trade Name list in the beginning of this 
dissertation for acronyms used for some notation, the names of enzymes and 
chemicals. 
 
Starting materials:   
200.0 mg (0,285 mmol) of palm kernel oil    
3 ml   of dialkyl carbonates  (containing 0.2% v/v of water) 
   20 mg (10% weight of oil) of Novozym 435   
 
Operation condition:  
 60 oC and reaction were done in  15 ml closed reaction 
tube.  
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3.3.8 Effect of Type of Solvent on the Ester Formation 
 The nature and polarity of organic solvents have profound effects on 
the enzymatic transformations. The polarity of the organic solvents can be 
quantitatively measured by the value of log P, the logarithm of the partition 
coefficient of a given solvent between water and 1–Octanol. Normally, organic 
solvents with log P values less than 2.0 are generally not considered good for 
biocatalysis (Athawale et al., 2003).  
Various types of hydrocarbon solvents (with log P values of 2.80 – 
3.21) were used to study the effect of solvents on the formation of ester.  This 
experiment shows that the formation of ester was lower when hydrocarbon 
solvent was added to the system compare to that of when diethyl carbonate 
was used as solvent, even though diethyl carbonate has a lowest log P value 
(1.22). From this experiment, it can be concluded that, for the selection of 
proper solvent as a reaction medium, log P value cannot be considered as the 
sole deciding factor. 
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Figure 3.16 Time Course of Transesterification of Palm Kernel Oil with Diethyl 
Carbonate in the Presence of Various Organic Solvents. 
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Table 3.17 Effect of Type of Solvent on the Ester Formation 
 
No. Solvent Time 
Ester MG DG TG Other 
1 Alkane (40 -60 C) 8 h 43.72 1.47 1.61 48.06 5.14 
24 h 46.85 1.27 1.79 48.75 1.45 
2 Isohexane 8 h 26.30 1.48 3.84 66.25 2.13 
24 h 57.43 3.65 3.68 32.83 2.41 
3 DEC 8 h 64.35 2.38 8.06 12.99 12.23 
24 h 86.65 0.97 0.00 0.00 12.39 
4 Cyclohexane 8 h 34.45 0.00 2.33 60.96 2.27 
24 h 64.54 0.63 0.85 32.38 1.60 
8 hour 
 
Starting materials:   
100.0 mg (0.14 mmol) of palm kernel oil      
              57 ul   of diethyl carbonate   
                                 1.5 ml solvent (percolated prior before used) 
   10 mg (10% weight of oil) of Novozym 435   
 
Operation condition:   
60 oC and reaction were done in 15  ml closed reaction 
tube. 
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3.3.9 Effect of Amount of Solvent  
 Various amount of organic solvent (in this study was isohexane) was 
added to the reaction system to study its effect on the ester formation. As 
shown in Table 3.18, at 60 oC generally the more isohexane was added to the 
system the less ester formed. The result also shows that reaction rate was 
slower when isohexane was added to the system, as shown in Figure 3.17.  
 Even though the formation of ester was lower when isohexane was 
added to the system compare to that of when without added solvent, the ester 
formation was still high when isohexane was added up to 200 % on the 
volume base of diethyl carbonate.  
Several experiments was also done by addition of isohexane up to   
200% (v/v) to the system to study its effect on the ester formation during 
transesterification of palm kernel oil with dialkyl carbonates at elevated 
temperature (70 oC, near boiling point of isohexane).  As shown in Table 3.19 
and Figure 3.18, the ester formation was reached up to 66% for 8 hours 
reaction when diethyl carbonate was used as substrate.  The similar result 
was not found when dimethyl carbonate was used as substrate. In this 
condition, ester formation was only reached up to 22 % for 8 hours reaction. 
This study shows that isohexane addition was only give a ‘good’ result in the 
case of diethyl carbonate as substrate.  
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Figure 3.17 Time Course of Transesterification of Palm Kernel Oil with Diethyl 
Carbonate in the Presence of Various Amount of Isohexane. 
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Table 3.18 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Diethyl Carbonate in the Presence of Various Amount of 
Isohexane at 60 oC 
 
Ratio
No.  Isohexane/DEC Time
(v/v) Ester MG DG TG Other
1 0 8 h 80.35 3.68 0.65 0.44 14.87
24 h 81.11 4.09 0.58 0.00 14.22
2 1 8 h 79.26 1.66 1.31 4.18 13.60
24 h 85.81 3.30 1.83 0.00 9.05
3 2 8 h 78.60 0.38 1.27 8.96 10.78
24 h 85.21 2.33 0.31 3.69 8.47
4 3 8 h 72.57 1.15 1.92 10.60 13.75
24 h 83.08 1.69 1.27 6.83 7.13 
5 4 8 h 69.33 0.83 1.31 19.45 9.09
24 h 79.03 1.78 1.44 11.94 5.81
6 26 *) 8 h 26.30 1.48 3.84 66.25 2.13
24 h 57.43 3.65 3.68 32.83 2.41
Lipid Composition (% w/w)
 
 
 
 
 
 
Starting materials:   
200.0 mg (0.285 mmol) of palm kernel oil   
   
              1.5 ml of diethyl carbonate  (containing 0.2% v/v of water) 
                                 x  ml (% v/v of Diethyl carbonate) of  isohexane 
   20 mg (10% weight of oil) of Novozym 435   
(for *)100 mg of Palm kernel oil, 57 µl of diethyl carbonate, 1.5 ml of 
isohexane, and 10 mg of  Novozyme 435) 
 
Operation condition:   
60 oC and reaction were done in 15 ml closed reaction 
tube 
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Figure 3.18 Time Course of Transesterification of Palm Kernel Oil with Dialkyl 
Carbonates Containing Various Amount of Isohexane at 70 oC 
 
 
 
 
 
 
Results and Discussion                                                                                                          92 
Table 3.19 Ester Formation (% w/w) on the Transesterification of Palm Kernel 
Oil with Dialkyl Carbonates in the Presence of Various Amount of 
Isohexane at 70 oC 
Ratio
No.  Isohexane/DAC Time 
(v/v) Ester MG DG TG Other
1 Isohexane/DEC = 1/1 8 h 66.10 3.03 5.59 17.95 7.33
24 h 76.97 5.63 4.24 6.64 6.52
2 Isohexane/DEC = 2/1 8 h 36.53 3.97 11.95 42.76 4.79
24 h 43.45 4.77 9.96 35.66 6.15
3 Isohexane/DMC = 1/1 8 h 17.79 2.76 14.18 63.50 1.76
24 h 37.17 6.28 20.42 33.99 2.14
4 Isohexane/DMC = 2/1 8 h 21.81 2.77 13.55 59.85 2.02
24 h 37.34 5.60 16.98 37.79 2.30 
5 DEC 8 h 42.05 1.70 13.76 34.90 7.59
24 h 66.57 2.19 7.10 13.89 11.23
6 DMC 8 h 68.36 4.08 12.26 2.75 12.56
24 h 85.16 5.35 4.24 0.00 5.24
Lipid Composition (% w/w)
 
 
Starting materials:   
200.0 g (0.285 mmol) of palm kernel oil      
              1.5 ml of dialkyl carbonate   
                                  x  ml (% v/v of Dialkyl carbonate) of  isohexane 
   20 mg (10% weight of oil) of Novozym 435   
 
Operation condition:   
70 oC and reaction were done in 15  ml closed reaction 
tube. 
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3.3.10 Summary 
 As reported above, it can be seen that for single step lipase-catalyzed 
transesterification of palm kernel oil, diakyl carbonates (in this case dimethyl 
and diethyl carbonate) gave a better yield compare to that of short chain 
alcohols. The rate of ester formation with dialkyl carbonates as substrate was 
about 6 – 7 times than that obtained with short chain alcohols.  
 The formation of ester was gradual increase with enzyme amount from 
5% - 20% (w/w of oil) for 8 hours reaction. For the economic point of view, 
enzyme amount of 10% on the weight base of oil was proposed for further 
reaction. In this condition, enzyme activity was about 9.8 µmol/min.g. 
Generally, the highest ester formation was observed when temperature 
of 60 oC was used. However, in the case of dimethyl carbonate that little 
difference was observed at reaction temperature of 60 and 70 oC, and the 
reaction proceeded nearly identically. 
 It also can be seen that generally the formation of esters was strongly 
influenced by amount of water in the system. The formation of esters is lowest 
when no added any water in the system. The esters formation increase 
drastically up to more than 70% when water was added up to 0.2 %. However, 
ester formation extremely decreases when water was added more than 0.4%. 
The quality of dialkyl carbonates was also affect on the esters 
formation. Un-percolated dialkyl carbonates resulted the low ester formation. 
Especially for un-percolated diethyl carbonate, it could be happen because 
enzyme activity was decrease with the presence of some impurities in the 
solvent.  According this result, dialkyl carbonates have to be percolated prior 
to use. 
This experiment also shows that the formation of ester was lower when 
hydrocarbon solvent was added to the system compare to that of when dialkyl 
carbonates was used as substrate and solvent. 
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3.4 Transesterification of Rubber Seed Oil with Dialkyl Carbonates 
 Several studies reported transesterification or alcoholyses of vegetable 
oils and animal fats with primary and secondary alcohol using lipase as 
catalyst (i.e. Mittelbach, 1990; Linko et al., 1994; Nelson et al., 1996). 
However, less of studies report or interest on the transesterification of rubber 
seed oil with alcohol or another alkyl sources. As a by-product of rubber 
plantation, rubber seed oil has a great potency as one of alkyl esters raw 
material and it will give much benefit if explored well. 
 Rubber seed oil contains more than 70% of high-unsaturated fatty acid 
that easy to oxidized and polymerized at high temperature. An enzymatic 
process approach can be a good solution for this problem, because enzymatic 
process always work in the low or mid temperature.  
 Several experiments were done to found effect of various lipase 
sources on the esters formation, effect of various solvents, and effect of water 
in the system during lipase-catalyzed transesterification of rubber seed oil with 
dialkyl carbonates. 
 
3.4.1 Effect of Various Enzyme on the Lipase-Catalyzed Transes-
terification of Rubber Seed Oil with Dimethyl Carbonate 
 Several lipases were screened for their ability to transesterify rubber 
seed oil with dimethyl carbonate. After 24 hours reaction, Candida antarctica 
B (Novozym 435 and Candida B. Silica) was found most effective for 
converting rubber seed oils to its methyl ester (71% and 65% respectively). In 
the same condition, Hog pancreas lipase was also found effective for 
converting rubber seed oil to its methyl esters, even though the conversion is 
not as high as that of Candida antarctica B (Figure 3.19 and Table 3.20).   
Another lipases used in this experiment such as Aspergillus niger, 
Chirazyme L-5, Mucor miehei, and Candida rugosa were found not effective 
for transesterifying rubber sed oil to its methyl esters, even though some of 
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them shows its activity for hydrolysis which indicated by high percentage of 
fatty acids and diglyceride presence in the end product  (Table 3.19). 
Based on this result, again Novozym 435 selected as the catalyst for 
further lipase-catalyzed transesterification of rubber seed oil with dialkyl 
carbonates. 
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Figure 3.19 Lipases Abilities to Transesterify the Triglyceride of Rubber Seed 
Oil with Dimethyl Carbonate (DMC), at 50 oC in Isohexane for 24 
Hours. 
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Table 3.20 Ester Formation on the Transesterification of Rubber Seed Oil    
with Dimethyl Carbonate for 24 Hours Reaction 
No. Enzyme Ester MG DG TG Others
1 N 435 71.08 4.31 8.01 12.85 3.74
2 CB. Silica 65.38 0.00 1.91 26.83 5.87
3 ANL 0.21 0.00 8.53 63.49 27.77
4 CL-5 2.20 0.41 15.08 52.34 29.97
5 MML 0.13 0.00 16.43 67.81 15.62
6 CRL 0.54 0.00 0.00 65.26 34.21
7 HPL 26.58 0.69 12.42 54.33 5.99
Lipid Composition (% w/w)
 
note: See Abbreviation and Trade Name list in the beginning of this 
dissertation for acronyms used for some notation, the names of enzymes and 
chemicals. 
 
Starting materials:   
148.5 mg (0.17 mmol) of rubber seed oil    
              43.4 mg (0.48 mmol) of dimethyl carbonate   
                                    0.8 ml isohexane 
                                     10 mg of enzyme 
Operation condition:   
50 oC and reaction were done in 5 ml closed reaction 
tube. 
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3.4.2 Effect of Water on the Formation of Ester 
 The activities of lipases were influenced by amount of water in the 
system. When using enzymes in organic media some water is necessary for 
enzyme activity. Some experiments were done to investigate effect of water 
on the formation of ester. After 8 hours reaction, the highest ester formation 
was reached when 0.2% (v/v of dimethyl carbonate) of water was directly 
added to the system. More water directly added to the system cause 
decreasing on the ester formation. Addition 250 mg of various salt or salt 
hydrates to the system resulted also high ester formation. The ester formation 
reached more than 90 % when reaction was prolonged up to 24 hours, as 
shown in Figure 3.20 and Table 3.21. 
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Figure 3.20 Time Course of Ester Formation on the Transesterification of 
Rubber Seed Oil with Dimethyl Carbonate in the Presence 
Water or Salt Hydrate. 
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Table 3.21 Ester Formation on the Transesterification of Rubber Seed Oil with 
Dimethyl Carbonate in the Presence of Water or Salt/Salt Hydrate 
 
No. Water / Salt Hydrate Time 
Ester MG DG TG Other 
1 unpercolated DMC  8 h 33.71 1.21 9.59 31.45 24.04 
24 h 85.82 3.94 5.35 0.79 4.10 
2 Water 0.2% (v/v DMC) 8 h 76.24 3.98 8.65 5.50 5.64 
24 h 92.99 2.21 1.21 0.00 3.58 
3 Water 0.4% (v/v DMC) 8 h 43.63 0.00 2.17 49.24 4.95 
24 h 72.19 1.31 8.54 15.58 2.38 
4 Water 1.0% (v/v DMC) 8 h 51.66 0.00 1.16 40.77 6.40 
24 h 69.35 0.95 6.11 20.79 2.80 
5 Na3PO4.12H2O 8 h 72.41 1.67 8.56 12.70 4.66 
24 h 95.82 0.50 0.82 0.67 2.18 
6 Na2HPO4.12H20 8 h 72.14 1.63 9.16 12.91 4.17 
24 h 96.49 0.97 1.00 0.00 1.53 
7 Na2SO4 8 h 73.69 3.14 9.29 8.37 5.52 
24 h 88.81 2.95 3.66 0.81 3.76 
8 Na2HPO4.2H2O 8 h 58.92 1.43 10.61 23.91 5.14 
24 h 90.37 3.41 2.11 0.00 4.11 
Lipid Composition (% w/w) 
 
 note: See Abbreviation and Trade Name list in the beginning of this 
dissertation for acronyms used for some notation, the names of enzymes and 
chemicals. 
 
Starting materials:   
250 mg (0.29 mmol) of rubber seed oil      
              2.5 ml of dimethyl carbonate  
                                 250 mg salt or salt hydrate 
                                   25 mg (10% w/w of oil) of Novozym 435 
Operation condition:   
60 oC and reaction were done in 15 ml closed reaction 
tube. 
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3.4.3 Effect of Various Solvents on the Formation of Esters 
 Several solvents were studied to found their effect on the 
transesterification of rubber seed oil with dimethyl or diethyl carbonate at       
60 oC. The result shows that up to 8 hours reaction, ester formation was 
highest when dimethyl or diethyl carbonate was used as substrate and also as 
solvent.   
As shown in Figure 3.21, after 8 hours reaction the ester formation was 
decreased when hydrocarbon solvent was presence in the system instead of 
dimethyl carbonate. However, the ester formation was nearly in the same 
value when reaction time was prolonged up to 48 hours.  
The similar result was also found when diethyl carbonate was used as 
alkyl source instead of dimethyl carbonate.  For 8 hours reaction, the ester 
formation was in highest value (74%) when diethyl carbonate was used as 
substrate and solvent. Presence of solvent in the system was also decreased 
the ester formation, even though reach nearly in the same value when 
reaction was prolonged up to 24 hours (Table 3.22).  
These results indicate that the presence of hydrocarbon solvent in the 
system just reduce the reaction rate, as shown in the Figure 3.22 and 3.23. 
The reducing of reaction rate was happened because high levels of organic 
solvent cause a dilution of substrate in the organic phase, thereby decreasing 
the substrate concentration at the interface (Torres, et al., 1996). 
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Figure 3.21 Time Course of Ester Formation on the Transesterification of 
Rubber Seed Oil with Dimethyl Carbonate in the Presence of 
Various Solvents at 60 oC 
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Table 3.22 Formation of Ester on the Transesterification of Rubber Seed Oil 
with Dimethyl Carbonate in the Presence of Various Solvent 
No. Solvent Time
Ester MG DG TG Other
1 DMC 8 h 75.62 4.22 10.81 6.78 2.57
24 h 95.58 1.75 1.33 0.00 1.34
2 Isohexane 8 h 54.09 1.02 8.77 34.83 1.29
24 h 92.57 0.94 1.43 4.02 1.05
3 Cyclohexane 8 h 45.29 0.82 7.20 44.43 1.05
24 h 72.89 1.67 4.08 16.85 0.91
4 Heptane 8 h 56.71 0.84 5.57 36.07 0.80
24 h 85.82 1.71 2.97 8.36 1.14
Lipid Composition (% w/w)
 
 
 
Starting materials:   
500 mg (0.575 mmol) of rubber seed oil      
              2.5 ml of dimethyl carbonate  
                                    2.5 ml of solvent 
                                    50 mg (10% w/w of oil) of Novozym 435 
 
Operation condition:   
60 oC and reaction were done in 15 ml closed reaction 
tube. 
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Figure 3.22 Time Course of Ester Formation on the Transesterification of 
Rubber Seed Oil with Diethyl Carbonate in the Presence of 
Various Solvents at 60 oC 
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Table 3.23 Formation of Ester on the Transesterification of Rubber Seed Oil 
with Diethyl Carbonate in the Presence of Various Solvent 
No. Solvent Time
Ester MG DG TG Other
1 DEC 8 h 74.16 5.02 7.86 6.77 6.19
24 h 94.56 0.67 0.64 0.00 4.13
2 Isohexane 8 h 59.66 0.60 4.30 30.67 4.77
24 h 94.82 0.54 0.80 1.64 2.20
3 Cyclohexane 8 h 46.87 0.92 4.28 44.75 3.18
24 h 88.49 0.33 1.40 7.37 2.41
4 Heptane 8 h 48.27 0.42 4.08 43.29 3.94
24 h 91.23 0.71 1.69 3.62 2.75
Lipid Composition (% w/w)
 
 
 
Starting materials:   
500 mg (0.575 mmol) of rubber seed oil      
              2.5 ml of diethyl carbonate   
                                    2.5 ml of solvent 
                                    50 mg (10% w/w of oil) of Novozym 435 
Operation condition:   
60 oC and reaction were done in 15 ml closed reaction 
tube. 
 
3.4.4 Summary 
 Among lipases screened, Candida antarctica B (Novozym 435 and 
Candida B. Silica) was found to be the most effective for converting rubber 
seed oils to its methyl ester. This result is similar with that obtained in lipase-
catalyzed palm kernel oil.  Water was also affect on the ester formation. 
Among of salt hydrate and direct water addition used, the highest ester 
formation was reached when 0.2% (v/v of dimethyl carbonate) of water was 
directly added to the system. More water directly added to the system cause 
decreasing on the ester formation. It also can be seen that the presence of 
hydrocarbon solvent in the system reduce the reaction rate because high 
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levels of organic solvent cause a dilution of substrate in the organic phase, 
thereby decreasing the substrate concentration at the interface. 
 
3.5 Transesterification of Various Plant Oil with Dialkyl Carbonates 
3.5.1 Effect of Various Fatty Acid Composition of Plant Oil on the Ester 
Formation 
 Several of plant oil with different main fatty acid composition as shown 
in Table 3.24 was investigated to found their effect on the ester formation. As 
a result, in the same condition used, different main fatty acid composition 
resulted various ester formations. As shown in Table 3.25, castor oil gave the 
highest ester formation when reacted with dimethyl carbonate for 8 hours 
reaction (79.24%). This could be because castor oil has a hydroxyl compound 
and maybe more soluble in dimethyl carbonate and activity of enzyme in this 
substrate was more higher compare to that of another oils. In the same 
condition, rapeseed oil and fenugreek seed oil gave the low ester formation  
(Table 3.25), 39 and 27% respectively. This could be because rapeseed oil 
and also fenugreek seed oil has a high contain of unsaturated fatty acid such 
as oleic, linoleic and linolenic acid.   
 The almost similar result was also found when diethyl carbonate used 
as substrate instead of dimethyl carbonate. After 8 hours reaction, reaction 
between diethyl carbonate with castor oil resulted high ester formation (78%) 
and with mustard oil resulted 83% (Table 3.26). However, in the same 
condition reaction between diethyl carbonate with rapeseed oil and fenugreek 
seed oil only resulted low ester formation, 8% and 17% respectively (Table 
3.26).  
 Based on the result above, the fatty acid composition of plant oil 
expected has an effect on the ester formation. In order to confirm substrate 
selectivity as shown by this result, esterification between various fatty acids 
(saturated and unsaturated fatty acid) with dialkyl carbonates were performed  
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Table 3.24. Fatty Acid Composition of Several Plant Oil  
 
Fatty acid Meadow- Castor Mustard Saga- Fenu- PKO
foam seed seed greek
C8 2.59
C10 3.12
C12 47.02
C14:0 0.34 1.18 15.83
C16:0 0.18 2.16 2.01 6.78 9.55 8.36
C18:0 0.14 1.61 1.29 2.51 4.59 2.71
C18:1 0.49 3.45 11.15 13.59 14.72 18.13
C18:1, OH 81.25
C18:2 0.16 4.31 14.47 42.52 40.50 2.24
C18:3 9.83 23.50
C20:0 0.89 1.07 1.40
C20:1 59.93 6.84 1.92
C22:0 2.14 0.70
C22:1, w5 4.49
C22:1, w13 12.28 43.80
C22:2 17.52
C24:0 20.11
C26:0 5.14
Others 3.92 7.22 9.20 5.29 3.86 0.00  
 
Fatty acid Lin- Candle- Sun- Palm Oil Rubber Rape- 
seed nut flower  Seed seed 
C8 
C10 
C12 
C14:0 0.73 
C16:0 6.50 6.68 5.61 39.02 8.49 4.21 
C18:0 3.50 3.07 3.87 4.57 8.37 1.81 
C18:1 18.00 24.31 29.95 41.35 24.65 64.51 
C18:1, OH 
C18:2 14.00 36.13 58.61 10.52 39.52 17.25 
C18:3 58.00 26.95 0.26 17.22 8.00 
C20:0 0.54 
C20:1 1.39 
C22:0 
C22:1, w5 0.53 
C22:1, w13 
C22:2 
C24:0 
C26:0 
Others 2.86 1.96 3.55 1.75 1.76 
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Table 3.25 Ester Formation on the Transesterification of Various Source of 
Plant Oil with Dimethyl Carbonate 
No. Oil Sources Time
Ester MG DG TG Other
1 Meadowfoam oil 8 h 73.16 4.68 13.02 2.68 6.46
24 h 89.98 3.35 0.00 0.00 6.67
2 Castor Oil 8 h 79.24 5.81 9.45 2.32 3.17
24 h 96.59 0.00 0.00 0.00 3.41
3 Mustard Oil 8 h 54.44 7.70 25.90 6.09 5.87
24 h 85.71 7.04 0.00 0.00 7.26
4 Sagaseed Oil 8 h 51.60 6.60 26.69 12.99 2.12
24 h 82.93 7.03 4.87 1.02 4.15
5 Fenugreek Oil 8 h 27.30 5.07 26.10 39.64 1.89
24 h 66.84 14.56 6.86 7.10 4.64
6 Palm Kernel Oil 8 h 57.09 6.85 18.91 11.01 6.15
24 h 83.80 5.87 0.00 0.00 10.33
7 Linseed Oil 8 h 41.40 4.56 27.87 24.49 1.68
24 h 83.99 10.38 3.29 0.00 2.33
8 Candle nut Oil 8 h 40.66 9.84 19.25 26.86 3.38
24 h 83.00 6.62 4.61 0.00 5.76
9 SunFlower Oil 8 h 42.23 12.01 16.45 26.02 3.29
24 h 76.89 5.73 4.79 2.78 9.81
10 Palm Oil 8 h 58.39 8.31 17.43 9.97 5.90
24 h 84.60 0.43 4.95 2.47 7.54
11 Rubber seed Oil 8 h 49.81 1.59 11.98 35.47 1.16
24 h 76.23 2.99 6.64 11.07 3.07
12 Rapeseed Oil 8 h 39.17 7.06 19.23 31.98 2.56
24 h 80.61 9.14 3.49 0.63 6.13
Lipid Composition (% w/w)
 
 
Starting materials:   
137 mg of plant oil     
             2  ml  of dimethyl carbonate (containing 0.2% v/v of water) 
    13.7 mg (10% weight of oil) of Novozym 435  
Operation condition:   
60 oC and reaction were done in   15 ml closed reaction 
tube. 
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Table 3.26 Ester Formation on the Transesterification of Various Source of 
Plant Oil with Diethyl Carbonate 
No. Oil Sources Time
Ester MG DG TG Other
1 Meadowfoam oil 8 h 57.76 5.85 12.55 20.15 3.69
24 h 89.42 0.96 0.94 1.76 6.92
2 Castor Oil 8 h 78.57 5.68 5.99 4.61 5.15
24 h 90.21 4.05 0.52 0.00 5.22
3 Mustard Oil 8 h 83.32 3.42 2.33 2.31 8.62
24 h 91.03 0.00 0.00 0.00 8.97
4 Sagaseed Oil 8 h 25.51 1.40 9.76 62.03 1.29
24 h 79.97 4.89 1.73 10.14 3.27
5 Fenugreek Oil 8 h 17.19 2.13 1.03 58.31 15.59
24 h 43.57 2.81 3.92 46.60 11.87
6 Palm Kernel Oil 8 h 64.52 1.80 7.47 12.57 13.64
24 h 83.45 1.23 0.00 0.00 15.33
7 Linseed Oil 8 h 34.96 2.59 1.76 41.30 19.38
24 h 76.09 6.90 3.89 6.95 6.17
8 Candle nut Oil 8 h 47.78 1.83 9.36 38.67 13.96
24 h 83.91 3.93 2.39 2.90 18.24
9 SunFlower Oil 8 h 25.77 2.63 12.11 42.05 17.43
24 h 70.12 7.38 5.36 7.71 9.43
10 Palm Oil 8 h 50.62 2.71 12.23 29.61 4.82
24 h 87.06 0.67 1.61 1.71 8.94
11 Rubber seed Oil 8 h 44.72 2.04 3.69 40.46 9.10
24 h 80.78 2.52 4.42 7.83 4.45
12 Rapeseed Oil 8 h 8.52 0.59 8.92 76.13 5.85
24 h 20.24 5.14 13.98 58.67 1.97
Lipid Composition (% w/w)
 
 
Starting materials:   
137 mg of plant oil     
              2  ml   of diethyl carbonate (containing 0.2% v/v of water) 
   13.7 mg (10% weight of oil) of Novozym 435   
Operation condition:   
60 oC and reaction were done in 15  ml closed reaction 
tube. 
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3.5.2 Esterification of Various Fatty Acids with Dialkyl Carbonates 
 Esterification of various fatty acids with dialkyl carbonate was 
performed in order to found it effect on the ester formation. As shown in 
Figure 3.23 and Table 3.27, reaction rate of behenic acid to form methyl ester 
was fastest compare to that of another saturated fatty acid, event though the 
differences was not so high. However, the same result was not showed to 
form it ethyl esters (Figure 3.24 and Table 3.28). In the case of esterification 
between saturated fatty acid with diethyl carbonate, event though the 
differences was not so high, the reaction rate was increase with decrease in 
the carbon chain length. 
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Figure 3.23 Time Course of Methyl Ester Formation on the Esterification of 
Various Saturated Fatty Acids with Dimethyl Carbonate.  
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Table 3.27 Time Course of Methyl Ester Formation of Various Fatty Acids 
No Time Methyl Ester
(hours) C10:0 C12:0 C14:0 C16:0 C18:0 C22:0
1 0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.3 35.0 36.7 38.6 43.2 45.9 64.4
3 0.7 48.2 53.8 57.1 61.0 64.5 79.6
4 1 74.9 72.9 72.2 75.8 78.9 95.2
5 2 92.2 88.6 88.4 89.8 93.7 96.2
6 4 100.0 97.6 95.6 95.6 100.0 100.0
7 8 100.0 100.0 98.6 98.2 100.0 100.0
8 24 100.0 100.0 99.1 99.2 100.0 99.7  
Starting materials:   
30.4 mg  (0.18 mmol) Capric acid 
35.3 mg  (0.18 mmol) Lauric acid 
40.2 mg  (0.18 mmol) Myristic acid 
43.6 mg  (0.18 mmol) Palmitic acid 
48.4 mg  (0.18 mmol) Stearic acid 
           57.9 mg  (0.18 mmol) Behenic acid,  
  10 ml dimethyl carbonate 
 33 mg Novozym 435.   
Operation condition:  60 oC and reaction were done in 25 ml closed reaction 
tube 
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Figure 3.24 Time Course of Ethyl Ester Formation on the Esterification of 
Various Saturated Fatty Acids with Diethyl Carbonate.  
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Table 3.28 Time Course of Ethyl Ester Formation of Various Fatty Acids 
No Time Ethyl Ester
(hours) C10:0 C12:0 C14:0 C16:0 C18:0 C22:0
1 0 0.0 0.0 0.0 0.0 0.0 0.0
2 0.3 34.8 17.5 16.6 16.8 15.7 14.0
3 0.7 32.2 23.0 23.0 23.6 22.6 20.6
4 1 36.1 28.9 29.4 30.0 29.0 27.1
5 2 54.1 45.2 45.6 46.6 45.5 42.7
6 4 81.1 74.5 74.8 75.2 74.6 72.5
7 8 94.2 92.8 92.8 92.8 92.7 91.8
8 24 99.1 98.8 98.6 98.6 98.6 97.9  
Starting materials:   
30.4 mg  (0.18 mmol) Capric acid 
35.3 mg  (0.18 mmol) Lauric acid 
40.2 mg  (0.18 mmol) Myristic acid 
43.6 mg  (0.18 mmol) Palmitic acid 
48.4 mg  (0.18 mmol) Stearic acid 
           57.9 mg  (0.18 mmol) Behenic acid,  
  10 ml diethyl carbonate 
 33 mg Novozym 435.   
Operation condition:  
60 oC and reaction were done in 25 ml closed reaction 
tube 
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 Another experiment resulted that reaction rate of unsaturated fatty acid 
(oleic acid) to form both methyl and ethyl ester was slower compare to that of 
saturated fatty acids (Capric and Myristic acid) as shown in Figure 3.25 and 
Figure 3.26.  This result reported here agree with Borgdof et al. who reported 
that most of lipases esterify oleic and elaidic acid slower than myristic acid 
(Borgdorf,R. et al., 1999). 
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Figure 3.25 Time Course of Methyl Ester Formation on the Esterification of 
Mixture of Saturated and Unsaturated Fatty Acid with Dimethyl 
Carbonate.  
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Table 3.29 Time Course of Methyl Ester Formation  
                  of Various Fatty Acids 
No Time
(hours) C10:0 C14:0 C18:1
1 0 0 0 0
2 0.5 61.3 60.8 35.5
3 1 74.2 76.1 51.8
4 2 84.8 87.7 71.8
5 4 98.5 95.5 89.4
6 6 100 97.7 96
7 8 100 98.5 97.9
8 24 100 99 99.2
Methyl Ester
 
Starting materials:   
121.3 mg  (0.72 mmol) Capric acid 
160.1 mg  (0.72 mmol) Myristic acid 
197.3 mg  (0.72 mmol) cis-Oleic acid 
  18 ml dimethyl carbonate 
 60 mg Novozym 435.   
Operation condition:  
60 oC and reaction were done in 25 ml closed reaction 
tube 
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Figure 3.26 Time Course of Ethyl Ester Formation on the Esterification of 
Mixture of Saturated and Unsaturated Fatty Acid with Diethyl 
Carbonate 
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Table 3.30 Time Course of Ethyl Ester Formation  
Mixture of Various Fatty Acids 
No Time
(hours) C10:0 C14:0 C18:1
1 0 0 0 0
2 0.5 29.3 24.5 12
3 1 45.2 36.4 18.8
4 2 66.2 58.2 35.9
5 4 86.4 81.4 64.8
6 6 90.4 91.3 83.8
7 8 95.9 94.2 91.4
8 24 100 98.4 98.2
Ethyl Ester
 
 
Starting materials:   
121.4 mg  (0.72 mmol) Capric acid 
160.4 mg  (0.72 mmol) Myristic acid 
196.7 mg  (0.72 mmol) cis-Oleic acid 
  18 ml diethyl carbonate 
 60 mg Novozym 435.   
Operation condition:  
60 oC and reaction were done in 25 ml closed reaction 
tube 
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 Esterification between mixture of capric, oleic, and erucic acid with both 
dimethyl and diethyl carbonate was performed in order to study substrate 
selectivity among of unsaturated fatty acid.  The result show that reaction rate 
of erucic acid was almost two times faster than that of oleic acid. 
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Figure 3.27 Time Course of Methyl Ester Formation on the Esterification of 
Mixture of Saturated and Unsaturated Fatty Acid with Dimethyl 
Carbonate.  
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Table 3.31 Time Course of Ethyl Ester Formation  
of Mixture of Various  Fatty Acids 
No Time
(hours) C10:0 C18:1-cis C22:1
1 0 0 0 0
2 0.5 24.4 10.7 18
3 1 31.7 18.8 31.4
4 2 61.2 33.3 50.2
5 4 79.9 58.6 74.7
6 6 87.6 75.6 85.9
7 8 90.8 85.7 91.3
8 24 96.2 96.4 96.8
Methyl Ester
 
 
Starting materials:   
120.5 mg  (0.72 mmol) Capric acid 
197.4 mg  (0.72 mmol) cis-Oleic acid 
    237.9 mg (0.72 mmol)  Erucic acid 
  18 ml dimethyl carbonate 
 60 mg Novozym 435.   
Operation condition:  
60 oC and reaction were done in 25 ml closed reaction 
tube. 
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Figure 3.28 Time Course of Ethyl Ester Formation on the Esterification of 
Mixture of Saturated and Unsaturated Fatty Acid with Diethyl 
Carbonate.  
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Table 3.32 Time Course of Ethyl Ester Formation  
                  of Mixture of Various  Fatty Acids 
No Time
(hours) C10:0 C18:1-cis C22:1
1 0 0 0 0
2 0.5 24.4 10.7 18
3 1 31.7 18.8 31.4
4 2 61.2 33.3 50.2
5 4 79.9 58.6 74.7
6 6 87.6 75.6 85.9
7 8 90.8 85.7 91.3
8 24 96.2 96.4 96.8
Methyl Ester
 
 
Starting materials:   
121.2 mg  (0.72 mmol) Capric acid 
197.3 mg  (0.72 mmol) cis-Oleic acid 
    237.7 mg (0.72 mmol)  Erucic acid 
  18 ml diethyl carbonate 
 60 mg Novozym 435.   
Operation condition:  
60 oC and reaction were done in 25 ml closed reaction 
tube. 
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 Substrate selectivity was also studied by using the same carbon chain 
length but different of number and position of double bound. As shown in 
Figure 3.29, reaction rate of saturated fatty acid was faster than that of 
unsaturated fatty acid.  Among of unsaturated fatty acid, Novozym 435 
preferred oleic acid (C18:1-cis). The result was also show that Novozym 435 
can discriminate between oleic (C18:1-cis) and elaidic (C18:1-trans) acid. 
The similar result was also shown when either methyl or ethyl ester 
was used as substrate instead of its fatty acid, as shown in Figure 3.30 and 
3.31. 
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Figure 3.29 Time Course of Ethyl Ester Formation on the Esterification of 
Mixture of Saturated and Unsaturated Fatty Acid with Diethyl 
Carbonate.  
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Table 3.33 Time Course of Ethyl Ester Formation on the Esterification of 
Various Fatty Acid with Diethyl Carbonate 
No Time
(hours) C18:0 C18:1-c C18:1-t C18:2 C18:3
1 0 0.0 0.0 0.0 0.0 0.0
2 0.3 27.7 17.3 14.0 13.1 13.4
3 0.7 41.1 26.5 21.9 20.0 24.6
4 1 61.7 46.5 38.9 37.1 40.6
5 2 83.9 76.4 70.6 67.5 69.7
6 4 90.6 87.7 84.6 81.7 83.7
7 8 93.0 91.0 90.1 88.4 90.4
8 24 97.9 99.2 98.7 96.3 98.1
Ethyl Ester
 
Starting materials:   
199.8 mg  (0.72 mmol) Stearic acid 
198.7 mg  (0.72 mmol) cis-Oleic acid 
   199.2 mg (0.72 mmol) trans-Oleic acid 
   204.0 mg (0.72 mmol) Linoleic acid 
   193.6 mg (0.72 mmol)  Linolenic acid 
   30 ml diethyl carbonate 
  99 mg Novozym 435.   
Operation condition: 60 oC and reaction were done in 25 ml closed reaction  
tube. 
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Figure 3.30 Time Course of Methyl Ester Formation on the Esterification of 
Ethyl Ester with Dimethyl Carbonate.  
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Table 3.34 Time Course of Methyl Ester Formation on the  Esterification of  
Ethyl Ester with Dimethyl Carbonate 
No Time
(hours) C18:0 C18:1-c C18:1-t C18:2 C18:3
1 0 0.0 0.0 0.0 0.0 0.0
2 0.3 51.8 34.1 29.3 27.7 27.7
3 0.7 67.6 48.6 42.9 40.4 41.0
4 1 79.9 63.8 57.9 55.0 55.9
5 2 90.7 82.0 77.5 74.8 75.8
6 4 95.1 90.7 87.8 85.8 86.5
7 8 96.2 92.9 90.3 89.2 89.5
8 24 100.0 100.0 100.0 100.0 100.0
Methyl Ester
 
 
 
 
Starting materials:   
191 mg Ethyl Ester produced from experiment 3.31 
(contained mixture of Stearic acid, cis-Oleic acid, trans-
Oleic acid, Linoleic acid, and Linolenic acid) 
   10 ml dimethyl carbonate 
  33 mg Novozym 435.   
Operation condition:  
60 oC and reaction were done in 25 ml closed reaction 
tube. 
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Figure 3.31 Time Course of Ethyl Ester Formation on the Esterification of 
Methyl Ester with Diethyl Carbonate.  
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Table 3.35 Time Course of Ethyl Ester Formation on the Esterification of  
Methyl Ester with Diethyl Carbonate 
No Time
(hours) C18:0 C18:1-c C18:1-t C18:2 C18:3
1 0 0.0 0.0 0.0 0.0 0.0
2 0.3 41.8 29.8 24.8 23.5 25.5
3 0.7 64.7 51.4 44.9 42.5 47.0
4 1 86.4 78.6 73.2 69.3 72.8
5 2 94.5 91.5 88.1 85.1 88.4
6 4 97.2 95.5 93.4 90.6 93.6
7 8 98.1 97.1 95.9 93.2 96.2
8 24 100.0 100.0 100.0 97.0
Methyl Ester
 
 
Starting materials:   
  91.3 mg Methyl Ester produced from experiment 3.32 
(contained mixture of Stearic acid, cis-Oleic acid, trans-
Oleic acid, Linoleic acid, and Linolenic acid) 
   10 ml diethyl carbonate 
  33 mg Novozym 435.   
Operation condition:  
60 oC and reaction were done in 25 ml closed reaction 
tube. 
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3.5.3 Summary 
 The fatty acids composition of oil gave an effect on the ester formation, 
during lipase-catalyzed transesterification with dialkyl carbonates. Among 
several plant oils that contained various fatty acids composition, Castor oil 
gave the highest ester formation. The lowest ester formation was given by 
rapeseed oil and fenugreek seed oil. 
 Esterification of various fatty acids with dialkyl carbonates showed that 
the reaction rate was increase with decreasing in the carbon chain length. The 
studies were also showed that reaction rate of saturated fatty acids was 
higher than that of unsaturated fatty acids. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results and Discussion                                                                                                          127 
3.6 Plant Oil by Solvent Extraction using Dialkyl Carbonates 
 The various factors have an effect on the total extractible, such as type 
of solvent, temperature of extraction, moisture content of sample, and heat 
treatment history of sample (Karnofsky, 1949). Extraction solvents should be 
stable to heat, light, and water. The solvent must be reusable, and the solvent 
must withstand repeated cycles of heating, vaporizing, condensing, and 
cooling. Stability is also required to prevent contamination of oil and meal with 
potentially hazardous decomposition products (Johnson, 1997). Another 
number of factors determines the choice of solvent for seed oil extraction, 
especially, solvent extraction capacity, effect of solvent on oil properties, 
process safety, solvent volatility and stability, and economic considerations. 
Among the solvents recognized as specific for glycerides are petroleum ether, 
hexane, heptane, and trichloroethane. Currently hexane is the solvent of 
choice by oilseed processors. 
 Dialkyl carbonates, especially dimethyl and diethyl carbonate are an 
important chemical, which finds extensive application such as a solvent, an 
octane booster in gasoline and as a starting material for organic synthesis 
(Bhanage et al., 2003).  The capability of dialkyl carbonates as alternative 
solvent on the solvent extraction of several plant seed oil was investigated in 
this experiment. 
 
3.6.1 Solvent Extraction of Palm Kernels using Dialkyl Carbonates 
 Solvent extraction believed has the advantage of giving higher oil yields 
than mechanical expression. However, the use of solvents for oil seed 
extraction has been criticized because of toxicity and problems associated 
with flammability and recovery (Attah et al., 1990). In Indonesia and Malaysia, 
palm kernel oil extracted mostly by mechanical screw press.  Solvent 
extraction process is generally not used currently due to its higher cost. 
Extraction of palm kernel oil using solvent extraction process seem to be more 
prospective if ‘good’ solvent can be found.  Therefore, some experiment was 
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done to found effect of dialkyl carbonates on the yield and quality of oil during 
solvent extraction.  
 Palm kernel was extracted by dialkyl carbonates or isohexane using 
soxhlet method. As shown in Table 3.36, after 8 hours the yield of oil 
extracted by dimethyl carbonate and diethyl carbonate was lower compare to 
that of extracted by isohexane, 49%, 48%, and 54% respectively. Figure 3.32 
shows extraction rate of palm kernel oil by different solvent, including dimethyl 
carbonate with added 0.4% (v/v) of water. The color of oil also seems to be 
different. Palm kernel oil that extracted by isohexane and diethyl carbonate 
was clear yellow while oil that extracted by dimethyl carbonate was dark 
yellow, it is not clear whether because dimethyl carbonate is more polar than 
isohexane. However, exactly polar compound that extracted by dimethyl 
carbonate is unknown.  
The fatty acids composition was also seem slightly different. Oil that 
extracted with isohexane contains higher unsaturated fatty acid compare to 
that of dialkyl carbonates (Table 3.36). However, tocopherol contain in such 
oil was not quite different. Palm kernel oil that extracted by dialkyl carbonates 
contain 1.6 – 1.9 g/kg of tocopherol, compare to that of extracted by 
isohexane which contain about 0 - 2.3 g/kg of tocopherol. Because Palm 
kernel oil only contain small amount of tocopherol, in this case this parameter 
cannot be used for comparison.    
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Table 3.36 Properties of Palm Kernel Oil Extracted with Different 
Solvent 
 
No Isohexane DMC DEC 
1 Yield (% w/w) 53.54 49.79 48.47 
2 Color Clear Yellow Dark Yellow Clear Yellow 
3 Tocopherol (g/kg)  0 - 2.32 1.78 - 1.94 1.66 - 1.89 
4 Fatty acid (%) 
C8 2.59 2.78 2.31 
C10 3.12 3.21 3.01 
C12 47.02 46.57 45.86 
C14:0 15.83 16.42 15.85 
C16:0 8.36 9.29 10.94 
C18:0 2.71 2.95 2.35 
C18:1 18.13 16.22 17.01 
C18:2 2.24 2.54 2.66 
 
 
Starting materials:   
 30 gram of palm kernel     
 250 ml of isohexane,  dimethy carbonate or diethyl 
carbonate  
 
Operation condition:  
for isohexane : ~ 70 oC, normal pressure, for dimethyl 
carbonate 60 oC , 360 mbar, and for diethyl carbonate 60 
oC, 230 mbar, and extraction were done by soxhlet 
apparatus for 8 hours. 
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Figure 3.32  Time Course of Oil Yield (% w/w) on the Solvent Extraction of 
Palm Kernel by Various  Solvents. 
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3.6.2 Solvent Extraction of Various Plant Oils by Dialkyl Carbonates 
 Several plant seed oils were extracted by dialkyl carbonates for            
8 hours. As shown in Table 3.37, yield of oil extracted by isohexane was 
higher than that of extracted by dimethyl carbonate.  The performance of all of 
oil extracted with isohexane was also clearer than that of extracted by 
dimethyl carbonate.  
 
Table 3.37 Properties of Various Plant Oil Extracted by Different Solvent 
 
No Isohexane DMC DEC 
1 Yield (% w/w) 38.91 35.45 40.54 
2 Color Clear Yellow Dark Yellow Clear Yellow 
3 Tocopherol (g/kg)  69.49 71.25 68.32 
4 Fatty acid (%)  
C16:0 4.21 4.05 4.14 
C18:0 1.81 1.86 1.79 
C18:1 64.51 59.70 62.91 
C18:2 17.25 17.31 16.73 
C18:3 8.00 8.55 7.65 
Others 4.27 3.54 6.99 
Rapeseed Oil  
 
 
No Isohexane DMC DEC 
1 Yield (% w/w) 49.12 36.46 43.81 
2 Color Pale Brown Brown Pale Brown 
3 Tocopherol (g/kg)  54.58 
4 Fatty acid (%)  
C16:0 9.76 8.49 10.04 
C18:0 11.87 8.37 10.53 
C18:1 32.41 24.65 25.51 
C18:2 45.95 39.52 37.74 
C18:3 17.22 16.19 
Others 1.75 
Rubber seed Oil  
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No Isohexane DMC 
1 Yield (% w/w) 55.67 54.80 
2 Color Pale Yellow Pale Yellow 
3 Tocopherol (g/kg) 47.96 48.76 
4 Fatty acid (%) 
C16:0 5.67 5.51 
C18:0 3.86 3.83 
C18:1 29.95 29.71 
C18:2 58.56 57.99 
C18:3 0.00 0 
Others 1.97 2.98 
Sunflower Oil 
 
 
Starting materials:   
 30 gram of plant oilseed     
 250 ml of isohexane, dimethyl carbonate  or diethyl 
carbonate  
 
Operation condition:  
  for isohexane: ~ 70 oC, normal pressure, for dimethyl 
carbonate 60 oC , 360 mbar, for diethyl carbonate 60 oC, 
230 mbar,  and extraction were done by soxhlet 
apparatus for 8 hours. 
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3.6.3 Summary 
 Dialkyl carbonates can be used as alternative solvents to replace 
hexane or isohexane on the solvent extraction of palm kernel, even though 
the yield of oil extracted by dialkyl carbonates was slightly lower compare to 
that of extracted by isohexane. 
The color of oil also seems to be different. Palm kernel oil that 
extracted by isohexane and diethyl carbonate was clear yellow while oil that 
extracted by dimethyl carbonate was dark yellow. The fatty acids composition 
was also seem slightly different. Oil that extracted with isohexane contains 
higher unsaturated fatty acid compare to that of dialkyl carbonates (Table 
3.36). However, tocopherol contain in such oil was not quite different. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Results and Discussion                                                                                                          134 
3.7 Soxhlet Reactive Extraction of Palm Kernel with Dimethyl Carbonate 
 Industrial processes for extraction of palm kernel oil from palm kernel 
generally involve mechanical hard screw press. Even though solvent 
extraction will produce higher yield compare to mechanical extraction, solvent 
extraction process is generally not used currently due to its higher cost.  
Nowadays most of palm kernel oil produced in Indonesia and Malaysia 
was used as oleo chemical raw materials, such as methyl esters or fatty acids. 
Reactive extraction of palm kernel maybe will give more benefit, because 
extraction and transesterification proceed in one step and the solvent is 
reusable. Therefore, several parameters such as temperature, solvent/seed 
ratio, and water content were investigated to found their effect on the soxhlet 
reactive extraction of palm kernel oil. 
  
3.7.1 Effect of Temperature on the Yield of Lipid and Ester Formation 
 Practically, solvent extraction of vegetable oil by low boiling point 
alkanes or hexane was done in the range temperature of 60 – 80 oC. In this 
study, the effect of temperature on the yield of lipid and ester formation was 
investigated. 
 As shown in Figure 3.33 and Table 3.38, at temperature condition of  
50 oC (consequently 230 mbar), the yield of lipids was about 51% (w/w of 
seed) and the ester formation reached only 35% (w/w). The yield of lipids was 
increase up to 55% (w/w of seed) and ester formation was about 60% (w/w) 
when temperature was elevated up to 60 oC (360 mbar). Event though the 
lipids yield was still high (53%) when temperature was elevated up to 70 oC 
(500 mbar), however the ester formation decreased to about 20%. 
 It can be seen that yield of lipid and ester formations were influenced 
by temperature. This result is similar with those reported in Chapter 3.3.4 
(about effect of reaction temperature on the ester formation) that generally the 
highest ester formation was obtained at 60 oC . 
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Figure 3.33 Time Course of Soxhlet Reactive Extraction of Palm Kernel with 
Dimethyl Carbonate at Various Temperatures and Pressures 
Condition. 
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Table. 3.38 Effect of Temperature on the Soxhlet Reactive Extraction of Palm 
Kernel with Dimethyl Carbonate 
 
No. T (C) P (mbar) Lipid extracted 
(% w/w of seed) Ester MG DG TG Other 
1 50 230 50.78 34.66 2.55 23.17 29.61 10.02 
2 60 360 55.38 60.15 4.67 13.71 12.26 9.21 
3 70 500 52.92 20.85   6.34 20.75 44.48 7.58 
Lipid composition (% w/w) 
 
 
Starting materials:   
30 g of palm kernel     
 150 ml of dimethyl carbonate (containing water of 0.30 % 
v/v) 
   1.5 g of Novozym 435   
Operation condition:  
Boiling point of dimethyl carbonate. Reactive extraction 
was done in soxhlet apparatus with condenser for 9 hour. 
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3.7.2 Effect of Solvent/Seed Ratio on the Yield of Lipid and Ester 
Formation 
 Solvent and seed ratio is one of the important things which effect on 
the yield of oil extracted. As reported in previous sub-chapter, substrate ratio 
also has an effect on the ester formation. Therefore, effect of solvent and 
seed ratio was investigated in this study. 
 As shown in Table 3.39, both of lipid yield and ester formation were 
influenced by solvent/seed ratio. The higher ratio of dimethyl carbonate/palm 
kernel, the higher the lipid extracted. But, the higher lipid extracted was not 
followed by highly value on the ester formation. This might be because 
extraction rate was faster then reaction rate. 
 In this study, the highest ester formation was found when solvent/seed 
ratio was about 7.30 (ml/g). In this condition 56% yield of lipid (w/w of palm 
kernel) and 63% (w/w) ester formation was reached. Ratio of solvent/lipid 
extracted was about 14.6 ml/g or similar with 110 mol/mol. 
 This result is similar with those reported in Chapter 3.3.2 (about effect 
of substrate molar ratio on the ester formation) that the ester formation was 
increase with increasing of molar ratio up to 100 mol/mol. 
 Based on this result, solvent-seed ratio of 7.30 – 7.50 ml/g will used for 
the future studies. 
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Figure 3.34 Time Course of Soxhlet Reactive Extraction of Palm Kernel with 
Various Amount of Dimethyl Carbonat. Operation Condition:        
T= 60 oC, P= 360 mbar, t = 8 hours, Novozym 435 =1.5  gram. 
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Table 3.39 Effect of Solvent – Seed Ratio on the Reactive Extraction of 
Palm Kernel with Dimethyl Carbonate for 8 hours 
No. DMC/Seed Lipid extracted
(ml/g) (% w/w of seed) Ester MG DG TG Other
1 5.00 55.50 51.54 4.04 16.52 15.30 12.59
2 7.30 55.89 63.24 2.41 10.15 16.07 8.13
3 8.30 58.64 43.61 4.03 19.82 16.83 15.71
Lipid composition (% w/w)
 
 
Starting materials:   
30 g of palm kernel     
 150 – 250 ml of dimethyl carbonate   
   1.5  g of Novozym 435   
Operation condition: 
 60 oC,  360 mbar, and reactive extraction were done in 
soxleht apparatus with condenser for 8 hours. 
 
3.7.3 Effect of Water Addition on the Yield of Lipid and Ester Formation 
  Previous work resulted that transesterification of palm kernel oil with 
dialkyl carbonates greatly influenced by water content of the substrate or 
water addition on the system (sub-chapter 3.3.5). However, these works was 
done in normal pressure. In reactive extraction the condition was relative 
different with those ‘normal’ reaction. Reactive extraction was done in reduce 
pressure (~ 360 mbar for dimethyl carbonate), even though temperature 
reaction was quite the same. More water is removed from the system at lower 
pressure than at higher pressure. This condition believed will decrease the 
enzyme activity. Therefore, the effect of water content of dimethyl carbonate 
on the yield of lipid and ester formation was investigated during reactive 
extraction. 
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 As shown in Table 3.40, without any addition of water on the system, 
yield of lipid was 53 % (w/w of palm kernel) and ester formation reached only 
21 % (w/w). The result shows that activity of the enzyme was low in this 
system. This might be because of water (which also contain in immobilized 
enzyme) was removed from the system.  Addition of water to the system had 
an effect to the ester formation, but was not give a significant effect on the 
yield of lipid.  The reaction rate and the ester formation were decrease by 
addition of water more than 0.4 % (v/v of solvent) to the system (Figure 3.35). 
This result is similar with those reported in Chapter 3.3.5 that ester 
formation was strongly influenced by amount of water in the system. The 
highest ester formation was observed when about 0.2% (v/v) water was 
added to the system. 
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Figure 3.35  Time Course of Reactive Extraction of Palm Kernel with Dimethyl 
Carbonate Which Containing Various Amount of Water. 
Operation Condition: T = 60 C, P = 360 mbar, t = 8 hour, 
Novozym 435 =1.0 gram. 
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Table 3.40 Effect of Water Addition on the Reactive Extraction of Palm Kernel 
with Dimethyl Carbonate 
No. Water add. Lipid extracted
(% v/v DMC) (% w/w of seed) Ester MG DG TG Other
1 0.00 52.69 20.52 0.73 14.66 63.19 0.90
2 0.13 56.27 44.71 5.15 18.16 18.47 13.52
3 0.20 54.53 55.60 2.54 21.43 14.80 10.50
4 0.40 55.52 45.11 7.49 27.00 17.16 3.23
5 0.60 56.46 30.51 0.94 15.51 51.69 1.35
Lipid composition (% w/w)
 
Starting materials:   
20 g of palm kernel     
 150 ml of dimethyl carbonate   
   1.0  g of  Novozym 435  
Operation condition: 
60 oC,  360 mbar, and reactive extraction were done in 
soxhlet apparatus with condenser for 8 hours. 
 
3.7.4 Effect of Water Content of Seed 
 Moisture content or water content of seed has an effect on the yield of 
lipid or total extractible. Table 3.41 shows that yield of lipid was decrease 
about 1 % (w/w seed) when palm kerne l was dried and water content was 
reduced from 5.11% to 4.30% (w/w of seed). Ester formation was also 
decrease when moisture or water content of seed was low.  This result shows 
that water, both in seed or in the system has an effect on the yield of lipid or 
ester formation.  
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Figure 3.36 Time course of reactive extraction of palm kernel (as deliver and 
after drying) with dimethyl carbonate. Operation condition: T = 
60 oC, P = 360 mbar, t = 8 hours, Novozym 435 =1.0 gram. 
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Table 3.41 Ester Formation on the Reactive Extraction of Palm Kernel (as 
Deliver and after Drying) with Dimethyl Carbonate 
No. Water cont. Lipid ex.
(%) a) (%) b) Ester MG DG TG Other
1 as deliver 5.11 55.51 45.11 7.49 27.00 17.16 3.23
2 after drying 4.30 54.57 28.20 1.19 14.25 44.34 12.02
Lipid composition (% w/w)
 
a) Water content of seed (% w/w of seed) 
b) Lipid extracted after 8 hours (% w/w of seed) 
 
Starting materials:   
20 g of palm kernel     
 150 ml of dimethyl carbonate (containing 0.4% v/v of 
water) 
1.0 g of Novozym 435   
Operation condition: 
60 oC,  360 mbar, and reactive extraction were done in 
soxhlet apparatus with condenser for 8 hours. 
 
 
3.7.5 Summary 
 Soxhlet reactive extraction was influenced by several factors, such as 
temperature, solvent/seed ratio, and water content (both in the solvent and in 
the seed). The highest ester formation and yield was obtained at 60 oC, 
solvent/seed ratio of 7.30 ml/g, water addition of 0.2% (v/v of solvent) without 
any pretreatment to the seeds (use the seed as delivered without drying). 
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3.8 Soxhlet Reactive Extraction of Various Plant Oilseed with Dimethyl 
Carbonate 
 Soxhlet reactive extraction was also studied with rapeseed, linseed, 
and rubber seed. As shown in Table 3.42, with the same condition that 
applied in soxhlet reactive extraction of palm kernel, soxhlet reactive 
extraction of several plant oilseed only gave a low ester formation.  This might 
be because enzyme was not or less active in this condition. Again, water 
contain in the system was expected as a factor which have to control 
correctly. 
 
Table 3.42 Formation of Ester on the Reactive Extraction of Several Plant 
Oilseed 
No. Water cont. Lipid ext.
(%) a) (%) b) Ester MG DG TG Other
1 Rapeseed 5.57 33.42 4.39 0.00 4.22 91.38 0.01
2 Linseed 5.80 33.78 6.26 0.00 12.25 81.48 0.01
3 Rubber seed 4.93 55.87 32.90 0.00 10.67 56.43 0.00
Lipid composition (%w/w)
 
a) Water content of seed (% w/w of seed) 
b) Lipid extracted after 8 hours (% w/w of seed) 
 
Starting materials:   
20 g of plant oilseed     
 150 ml of dimethyl carbonate (containing 0.2% v/v of 
water) 
1.0 g of Novozym 435  
  
Operation condition: 
60 oC,  360 mbar, and reactive extraction were done in 
soxleht apparatus with condenser for 8 hours. 
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3.9 Insitu Reactive Extraction of Palm Kernel with Dialkyl Carbonates 
 Insitu reactive extraction differs in that the oil-bearing material contacts 
dialkyl carbonates directly instead of reacting oil and dialkyl carbonates. That 
is, extraction and transesterification proceed in the same process. This means 
that the dialkyl carbonates acts both as an extraction solvent and as a 
transesterification reagent. 
  
3.9.1 Effect of Water Addition on the Yield of Lipid and Ester Formation 
 Various amount of water was added to the solvent to study its effect on 
the yield of lipid and ester formation on the insitu reactive extraction of palm 
kernel oil. As shown in Table 3.43, water content of dimethyl carbonate has an 
effect both to the yield of lipid and ester formation. The yield of lipid was 
increase when water content of dimethyl carbonate was increased up to 0.2 % 
(v/v of solvent), and slightly decreases when water was added up to 0.4 % 
(v/v of solvent).  Water addition to the system was also giving an effect on the 
rate of ester formation. Additions of water more than 0.1 % (v/v of solvent) 
reduce the rate of ester formation. As shown in Figure 3.37, the rate of ester 
formation reached the highest value when water was not added to the system.  
Differ from reactive extraction at low-pressure condition as reported in 
previous sub-chapter, at insitu reactive extraction which work at normal 
pressure water was not removed from the system. Therefore, water that 
contain in seed was suspected quite enough for activities of lipase. 
 The similar result was also found when diethyl carbonate was used as 
solvent instead of dimethyl carbonate. As shown in Table 3.44, the yield of 
lipid was increase when water was added up to 0.2 % (v/v of solvent), and 
slightly decreased when water was added up to 0.4 % (v/v of solvent). The 
rate of ester formation was also decrease with increasing the water content in 
the system, as shown in Figure 3.38.  
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Figure 3.37 Time Course of Insitu Reactive Extraction of Palm Kernel with 
Dimethyl Carbonate Containing Various Amount of Water at 60 
oC and Normal Pressure (1013 mbar) 
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Table 3.43 Effect of Water Addition on the Insitu Reactive Extraction of Palm 
Kernel with Dimethyl Carbonate 
No. Water add. Lipid ext. Time
(%) a) (%) b) Ester MG DG TG Other
1 0.00 55.30 8 h 55.98 5.31 16.77 9.71 12.24
24 h 86.68 1.40 7.56 0.00 11.21
2 0.10 58.59 8 h 57.69 0.99 11.22 23.56 6.54
24 h 86.80 1.46 0.89 0.00 10.85
3 0.20 59.41 8 h 43.28 5.57 21.65 19.91 9.59
24 h 90.83 0.00 0.00 0.00 9.17
4 0.40 57.50 8 h 48.13 3.75 18.03 21.39 8.71
24 h 74.89 1.92 1.49 0.00 20.33
Lipid Composition (% w/w)
 
a) Water addition (% v/v of DMC) 
b) Lipid extracted after 24 hours (% w/w of seed) 
 
Starting materials:   
10 g of palm kernel     
  75 ml of dimethyl carbonate   
    500 mg of Novozym 435   
Operation condition: 
60 oC,  normal pressure (1013 mbar), and insitu reactive 
extraction were done in tree neck round bottom glass with 
condenser for 24 hours. 
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Figure 3.38 Time Course of Insitu Reactive Extraction of Palm Kernel with 
Diethyl Carbonate Containing Various Amount of Water at 60 C 
and Normal Pressure (1013 mbar). 
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Table 3.44 Effect of Water Addition on the Insitu Reactive Extraction of Palm 
Kernel with Diethyl Carbonate 
No. Water add. Lipid ext. Time
(%) a) (%) b) Ester MG DG TG Other
1 0.00 57.95 8 h 71.60 1.41 7.24 7.86 11.89
24 h 88.26 0.00 0.00 0.00 11.83
2 0.10 57.28 8 h 64.47 0.77 8.92 17.48 8.36
24 h 87.66 0.55 0.50 0.00 11.29
3 0.20 59.39 8 h 61.36 1.62 11.22 15.68 10.11
24 h 86.36 0.00 0.00 0.00 13.64
4 0.40 58.15 8 h 42.75 1.68 14.65 36.52 4.40
24 h 80.95 0.99 3.33 3.32 11.42
Lipid Composition (% w/w)
 
a) Water addition (% v/v of DEC) 
b) Lipid extracted after 24 hours (% w/w of seed) 
 
Starting materials:   
10 g of palm kernel     
  75 ml of diethyl carbonate   
    500  mg of Novozym 435   
Operation condition: 
60 oC,  normal pressure (1013 mbar), and insitu reactive 
extraction were done in tree neck round bottom glass with 
condenser for 24 hours. 
 
3.10 Insitu Reactive Extraction of Various Plant Oilseeds 
 Insitu reactive extraction was also applied using several plant oilseed 
and diethyl carbonate as solvent. As shown in Table 3.45, the ester formation 
of each plant oilseed was quite different. With the same insitu reactive 
extraction condition, rubber seed has a highest ester formation compare to 
that of another oil. This could be happen because in insitu reactive extraction 
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with diethyl carbonate several minor contain was also extracted and might be 
have an effect on the activity of enzyme.  
 
Table 3.45 Yield of Lipid and Ester Formation on the Insitu Reactive 
Extraction of Various Plant Oilseeds 
No. Water Lipid ext. Time
(%) a) (%)  b) Ester MG DG TG Other
1 Rubber seed 4.93 42.83 8 h 84.80 2.31 2.53 2.46 7.90
24 h 91.89 1.32 1.13 0.00 5.66
2 Candle nut 4.97 81.20 8 h 36.80 3.24 13.49 31.23 15.24
24 h 77.64 2.01 2.40 1.67 16.01
3 Mustard 5.20 40.08 8 h 48.75 5.87 16.92 21.56 6.90
24 h 85.48 0.25 2.32 1.06 11.77
4 Rapeseed 5.57 40.82 8 h 5.34 0.00 4.05 90.60 0.01
24 h 47.13 2.06 5.50 43.17 2.13
5 Sun Flower 5.37 36.87 8 h 32.05 0.00 5.66 54.26 8.03
24 h 64.87 3.17 6.55 18.58 6.83
6 Saga seed 5.32 11.04 24 h 18.22 0.75 5.20 70.51 5.33
7 Fenugreek 4.70 5.72 24 h 10.01 0.00 0.00 84.37 5.62
Lipid Composition (% w/w)
 
a) Water content of seed (% w/w of seed) 
b) Lipid extracted after 24 hours (% w/w of seed) 
 
Starting materials:   
10 g of plant oilseed     
  75 ml of diethyl carbonate (no added water)  
    500 mg of Novozym 435   
Operation condition: 
60 oC,  normal pressure (1013 mbar), and insitu reactive 
extraction were done in tree neck round bottom glass with 
condenser for 24 hours. 
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4. General Discussion and Conclusions 
 The objective of this work was to explore dialkyl carbonates, especially 
dimethyl and diethyl carbonate, as raw materials for lipase-catalyzed methyl 
and ethyl ester synthesis and as organic solvents for oilseed extraction. Palm 
kernels were used as standard raw materials for this study. Other potential 
tropical oilseeds such as rubber seed, candle nuts, saga seed, fenugreek 
seed, and mustard seed were also used as raw materials together with sun 
flower seed, rapeseed, and linseed for comparison. 
 Several commercially available lipases were screened for their ability to 
transesterify palm kernel oil and rubber seed oil with both dimethyl and diethyl 
carbonate. Among about 10 lipases tested, only the lipase B from Candida 
antarctica (in the immobilized forms: Novozym® 435 and Candida B. Silica), 
was found to be effective for transesterifying palm kernel oil and rubber seed 
oil with either dimethyl or diethyl carbonate.  Based on this result, Novozym® 
435 was used as biocatalyst in this study. 
 Some key aspects of lipase-catalyzed ester synthesis such as the 
source of the alkyl donor, the role of water, and the effect of temperature were 
also investigated. Among the alkyl donors used, the rate of ester formation 
using dimethyl and diethyl carbonate was much higher (6 – 7 times) than that 
obtained with methanol and ethanol. This result can be explained because 
lipase-catalyzed transesterification of plant oils with alcohols is an equilibrium 
reaction and the oils did not dissolve well in alcohol, while when dialkyl 
carbonates were used as substrates instead of alcoho ls, the reaction is not an 
equilibrium because the intermediate compound is decomposed immediately 
to carbon dioxide and alcohol. Under the same conditions the oils dissolve 
well in dialkyl carbonates.  
 The amount of enzyme used is a crucial economical factor for 
successful industrial application. There was a gradual increase in the 
formation of ester with the enzyme amount increasing from 5 weight-% to     
20 weight-%. Using such an amount of enzyme, after 8 hours reaction, the 
formation of ester was in the range of 15 – 85 % depending strongly on the oil 
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used.  Nevertheless, for the economic point of view, an enzyme amount of 10 
weight-% oil was used. 
 The effect of temperature on the lipase-catalyzed transesterification of 
plant oils (especially palm kernel oil) with dialkyl carbonates was also 
examined. In the case of dimethyl carbonate as substrate, the formation of 
ester increased with increasing of temperature up to 70 oC. At 60 and  70 oC 
little difference were observed, and the reaction proceeded nearly identically 
with about 70% of esters reached within 8 hours. However, the esters 
formation decreased with temperature more than 70 oC. Using diethyl 
carbonate as substrate, the formation of ester increased when temperature 
was raised up to 60 oC and decreased when temperature was raised up to   
70 oC.  
The amount of water present in the media is one of critical parameters. 
In the case of lipase-catayzed transesterifications of plant oils with dialkyl 
carbonates, water is not just necessary for enzyme activity, but is also needed 
as a substrate. As a result of this study, the formation of ester was lowest 
when no water was added to the system and it increases drastically when 
water was added up to 0.2% of dialkyl carbonates. Several salt hydrates such 
as sodium phosphate and sodium sulfate also can be used to control the 
water content in the system. The ester formation extremely decreases when 
water was added up to 1.0% of dialkyl carbonates. This result indicates that 
the activity of the enzyme greatly depends on the water content in the system. 
The quality of the dialkyl carbonates was also investigated. The result 
shows that ester formation was strongly depending on the quality of solvent. 
Dialkyl carbonates, especially diethyl carbonate, have to be percolated prior to 
use, because impurities in the solvent reduce the activity of enzyme. A higher 
ester formation was also found when dialkyl carbonates were used 
repeatedly. It is not clear whether this is because higher alcohol content in the 
solvent. 
Even though transesterification in a sovent-free medium is important in 
industrial applications, the effect of solvent addition on the reaction system 
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was investigated: the formation of ester was lower when a hydrocarbon 
solvent was used in addition to the dialkyl carbonates. 
The capability of dialkyl carbonates as alternative solvents for the 
extraction of several oilseeds was investigated. The results show that the yield 
of oil extracted by dialkyl carbonates was slightly lower compared to that of 
extraction by isohexane. The oil that extracted by dimethyl carbonate was 
darker compare to that of extraction by isohexane, probably because dimethyl 
carbonate is more polar than isohexane. Nevertheless, the tocopherol content 
of the oils from both solvents was quite the same.  
Based on the results explained above, a reactive extraction method by 
using dialkyl carbonates as solvent and substrate was carried out. Two 
methods of reactive extraction were examined in this study, i.e. soxhlet 
reactive extraction under reduced pressure and in-situ reactive extraction at 
normal pressure. Several parameters such as temperature, solvent-seed ratio, 
and water content were investigated for palm kernel reactive extraction.  
Optimal conditions were also applied to other tropical seed oils and some 
seed oils from temperate climate as comparison. 
The yield of lipid and the ester formation during reactive extraction was 
greatly influenced by temperature. Using palm kernels, the best temperature 
for soxhlet extraction was 60oC (consequently 360 mbar). Under this condition 
55% (% w/w of seed) lipid was extracted and of that 60% was converted to 
methyl esters. 
Solvent/seed ratio also had an effect on both lipid extraction and ester 
formation. The higher the ratio of dimethyl carbonate/palm kernel, the more 
lipids is extracted, but less ester is formed. A good compromise is 7.3 ml/g 
dimethyl carbonate/seed. 
More water is removed from the system at lower pressure reactions. 
This condition has no significant effect to the lipid extraction, but decreases 
transesterification. Without addition of any water to the system, the yield of 
lipid was 53% and 21% methyl ester thereof. The lipid amount increased a 
little to 55% but ester formation reached up to 56% when 0.2% water was 
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added to the system. However, the ester formation decreased again when 
more water was added. 
Nevertheless, these conditions cannot be transfered to different seeds. 
Under these conditions, soxhlet extraction of e.g. rapeseed, linseed, and 
rubber seed yielded only 4 – 33% ester, even though lipid extraction was 
successful.  
Another proposed method is in-situ reactive extraction (i.e. extraction 
and transesterification in the same pot and at the normal pressure). Here, the 
rate of ester formation reaches the highest value when water is not added to 
the system. This might be because the seed itself contains enough water both 
for the reaction and the activity of the enzyme. However, by addition of 0.2% 
water, after 24 hour reactive extraction yielded 59% (w/w of seed) and about 
90% ester thereof.  
As a conclusion of this study, lipase-catalyzed transesterification of 
plant oil with dialkyl carbonates is better than with short chain alcohols such 
as methanol or ethanol. Dialkyl carbonates were also found effective for either 
oilseed solvent extraction or lipase-catalyzed reactive transesterification to 
produce methyl and ethyl esters. However, soxhlet reactive extraction is 
difficult, because control of water content as one of critical parameter is 
difficult. An Insitu reactive extraction is easier and gives high yields for almost 
every seed used. 
According to the relatively expensive of enzyme used, future interest 
research should be focused on the transesterification/reactive extraction with 
dialkyl carbonates and chemical catalyst. 
Materials and Method                                                                                                             155 
5. Materials and Method 
5.1 Material 
Oil and seed use in all experiment were describe in Table 5.1 below: 
Table 5.1 Oil and Seed used 
No  
Seed 
Water Cont. 
of seed 
(% w/w) 
 
Oil Content 
(% w/w) *) 
 
Supplier 
1 Palm Kernel (Elais guineensis) 4.80 47 IOPRI 
2 Rubber Seed (Hevea brasilinea) 4.93 49 IOPRI 
3 Saga Seed (Adenanthera 
pavonina) 
5.32 12 IOPRI 
4 Candle Nut (Aleurites moluccana) 4.97 61 IOPRI 
5 Mustard seed (Brassica juncea) 5.20 36 Local 
Asian 
store 
6 Fenugreek (Trigonella foenum-
graecum) 
4.70 3.7 Local 
Asian 
store 
7 Sun Flower Seed  5.37 55 Local 
Market 
8 Linseed (Linum usitatissimum) 5.80 34 Local 
Market 
9 Rapeseed (Brassica napus) 5.57 39 BAGKF 
*) Extracted by isohexane 
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Table 5.2 Enzyme source 
No Enzyme Supplier Activity*) 
1. Novozym 435 (Candida antarctica lipase B) Novo 10.760 PLU/g 
2. Candida B. silica (Candida antarctica lipase B) Novo 10.850 PLU/g  
3. Chirazyme L-5 (Candida antarctica lipase A) Boehringer 
Mannheim 
GmbH 
25 ku/10.89 g 
Lyo. 
4. Lipozym RM IM Novo  
5. Mucor miehei (unimmobilized) Fluka 1.6 u/mg 
6. Mucor javanicus (unimmobilized) Fluka 3.5 u/mg 
7. Candida cylindracea (unimmobilized) Fluka 2.2 u/mg 
8. Aspergilus niger (unimmobilized)  Fluka 0.88 u/mg 
9. Carica papaya (unimmobilized) Sigma 1.9 u/mg 
10. Hog pancreas lipase (unimmobilized) Fluka 23.3 u/mg 
*) as report by supplier 
Dimethyl carbonate, diethyl carbonate, methanol, ethanol and 
isohexane were percolated prior by Puralox SCCa 150/145 N (Al2O3) before 
used. All solvents used were for analysis grade and purchased from Merck 
(Germany). N-Methyl-N-trimethylsilylheptaflour(o)butyramide (MSHFBA) was 
obtained from Macherey-Nagel (Germany). 
 
5.2. Method 
5.2.1 Screening of commercially available lipases for their abilities to 
transesterify the triglyceride of palm kernel oil with dimethyl or 
diethyl carbonate 
 Screening experiments with lipases were conducted at 10% lipase by 
weight of palm kernel oil, with isohexane or dimethyl carbonate as solvent.  
The first procedure, to 5 ml closed reaction tube containing 200.60 mg 
(0.286 mmol) of palm kernel oil in 0.8 ml isohexane, was added 3-mole 
equivalent of dialkyl carbonates or alcohols and the appropriate amount of 
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enzyme. The reaction mixture was stirred for 24 hours at 45 oC by heating 
block. 
The second procedure, to 5 ml closed reaction tube containing 100 mg 
(0.143 mmol) of palm kernel oil in 1.5 ml isohexane was added 0.040 ml (0.5 
mmol) of dimethyl carbonate and the appropriate amount of enzyme. The 
mixture was stirred and heated to 60 oC for 24 hours by heating block. 
The third procedure, to 5 ml closed reaction tube containing 100 mg (0.143 
mmol) of palm kernel oil was added 1.5 ml (16.67 mmol) dimethyl carbonate, 
3 µl water (0.2% v/v of dimethyl carbonate) and appropriate amount of 
enzyme. The mixture was stirred and heated to 60 oC for 24 hours by heating 
block.  
Sample was withdrawn at specified interval during the reaction period, 
filtered to remove the enzyme by Syringe filters (porosity 0.45 µm, 4-mm 
Nylon) and the excess of solvent was then evaporated. Sample was stored in 
-20 oC for analyzed further.  
 
5.2.2 Transesterification of Palm Kernel Oil with Dimethyl and Diethyl 
Carbonate Catalyzed by Novozym 435 
Effect of Alkyl Sources on the Ester Formation. To 5 ml closed reaction 
tube containing 500 mg (0.70 mmol) of palm kernel oil, was added 3-mole 
equivalent of dialkyl carbonates or alcohols and 50 mg (10% w/w of oil) of 
Novozym 435. The mixture was stirred and heated to 60 oC for 24 hours. 
Samples were withdrawn at specified interval during the 24 hours reaction 
period. Samples were filtered (by Syringe filters; porosity 0.45 µm, 4-mm 
Nylon) to remove the enzyme, and the excess of alkyl source was then 
evaporated. Filtrates were stored at –20 oC before analyzed further. 
Effect of Substrate Molar Ratio on the Ester Formation. To 5 ml closed 
reaction tube containing 100 mg (0.143 mmol) of palm kernel oil was added 
the appropriate amount of dimethyl carbonate or diethyl carbonate and         
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10 mg (10% w/w of oil) Novozym 435. The mixture was stirred and heated to 
60 oC for 8 hours. Samples were withdrawn at specified interval during the 24 
hours reaction period and filtered (by Syringe filters; porosity 0.45 µm, 4-mm 
Nylon) to remove the enzyme and the excess of dimethyl or diethyl carbonate 
was evaporated under nitrogen. Filtrates were stored at – 20 oC before 
analyzed further. 
Effect of Amount of Novozym 435 on the Ester Formation. To 5 ml closed 
reaction tube containing 500 mg (0.71 mmol) of palm kernel oil was added   
0.7 ml (7.77 mmol) dimethyl carbonate and various amount of Novozym 435 
(5%, 7.5%, 10%, 12.5%, and 15% w/w of oil). To 5 ml closed reaction tube 
containing 130 mg (0.185 mmol) of palm kernel oil was added 2 ml (17 mmol) 
diethyl carbonate and various amount of Novozym 435 (5%, 10%, 15%, and 
20% w/w of oil). Each mixture was stirred and heated to 60 oC for 24 hours. 
Samples were withdrawn at specified interval during the 24 hours reaction 
period and filtered to remove the enzyme, and the excess of dialkyl 
carbonates were then evaporated. Filtrates were stored at –20 oC before 
analyzed further. 
Effect of Reaction Temperature on the Ester Formation. To 25 ml closed 
reaction tube containing 1 gram of palm kernel oil (1.43 mmol) was added    
20 ml dimethyl carbonate and 100 mg of Novozym 435. The mixture was 
stirred and heated to various temperatures (40, 50, 60, or 70 oC) for 8 hours. 
Samples were filtered to remove the enzyme and the excess of dimethyl 
carbonate was then evaporated under nitrogen. Samples were then stored at 
– 20 oC before analyzed fur ther. 
To 5 ml closed reaction tube containing 130 mg of palm kernel oil 
(0.185 mmol) was added 2 ml (17 mmol) diethyl carbonate and 13 mg of 
Novozym 435. The mixture was stirred and heated to various temperatures 
(40, 50, 60, or 70 oC) for 24 hour. Samples were filtered to remove the 
enzyme and the excess of diethyl carbonate was evaporated under nitrogen. 
Samples were then stored at – 20 oC before analyzed further. 
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Effect of Water Addition on the Ester Formation. 100 mg (0.143 mmol) of 
palm kernel oil was mixed with 1.5 ml dimethyl carbonate containing various 
amount of water  (0 – 2 % v/v water content, analyzed by Karl Fischer 
methode) and 10 mg of Novozym 435. The mixture was stirred and heated to 
60 oC for 24 hours. Samples were withdrawn at specified interval during the 
24 hours reaction period. Samples were filtered to remove the enzyme and 
the excess of dimethyl carbonate was evaporated. Filtrates   were   stored  at 
–20 oC before analyzed further. Another procedure, 130 mg of palm kernel oil 
was mixed with 2 ml diethyl carbonate containing various amount of water     
(0 – 0.8 % v/v water content, analyzed by Karl Fischer methode) and 13 mg of 
Novozym 435. The mixture was stirred and heated to various temperatures   
40 - 70 oC for 24 hours. Samples were withdrawn at specified interval during 
the 24 hours reaction period and filtered to remove the enzyme, and the 
excess of diethyl carbonate was evaporated. Filtrate was stored at –20 oC 
before analyzed further. 
Effect of Repeated Used of Enzyme on the Ester Formation. To 50 ml 
three neck round bottom flask (connected with condenser) containing 1 gram 
(1.43 mmol) palm kernel oil was added 15 ml (127 mmol) diethyl carbonate 
(containing 0.2% v/v of water) and 100 mg of Novozym 435. The mixture was 
stirred and heated to 60 oC for 24 hour. Samples were withdrawn at specified 
interval during the 24 hours reaction period and filtered to remove the 
enzyme, and the excess of diethyl carbonate was evaporated under nitrogen. 
Samples were then stored at – 20 oC before analyzed further. After 24 hours, 
reaction was stopped; enzyme was filtered by filter paper and washed with 
diethyl carbonate. The ‘used’ enzyme was then repeated used for 
transesterification of 1 gram (1.43 mmol) palm kernel oil with 15 ml (127 
mmol) diethyl carbonate (containing 0.2% v/v of water). The same procedure 
as explained above was repeated. The enzyme was 4 times repeated used. 
Effect of Quality of Dialkyl Carbonate on the Ester Formation. To 15 ml 
closed reaction tube containing 200 mg of palm kernel oil was added 3 ml of 
diethyl carbonate (unpercolated, percolated or reused) and 20 mg of Novozym 
435. The mixture was stirred and heated to 60 oC for 24 hours. Samples were 
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withdrawn at specified interval during the 24 hours reaction period. Samples 
were filtered to remove the enzyme and the excess of diethyl carbonate was 
evaporated. Filtrates were stored at –20 oC before analyzed further. 
Effect of Type of Solvent on the Ester Formation. To 15 ml closed reaction 
tube containing 100 mgram (0.143 mmol) of palm kernel oil and 57 µl of 
diethyl carbonate was added 1.5 ml solvent (low boiling point alkanes, 
isohexane, diethyl carbonate or cyclohexane) and 10 mg of Novozym 435. 
The mixture was stirred and heated to 60 oC for 24 hours. Samples were 
withdrawn at specified interval during the 24 hours reaction period. Samples 
were filtered to remove the enzyme and the excess of diethyl carbonate and 
solvent were evaporated. Filtrates were stored at –20 oC before analyzed 
further. 
Effect of Amount of Solvent. To 15 ml closed reaction tube containing     
200 mg (0.285mmol) of palm kernel oil and 1.5 ml of diethyl carbonate was 
added various amount of isohexane  (ratio 0 – 4) and 20 mg of Novozym 435. 
The mixture was stirred and heated to 60 oC for 24 hours. Samples were 
withdrawn at specified interval during the 24 hours reaction period and then 
filtered to remove the enzyme, and the excess of diethyl carbonate and 
solvent were evaporated. Filtrates were stored at –20 oC before analyzed 
further. Another procedure, To 15 ml closed reaction tube containing 200 mg 
(0.285mmol) of palm kernel oil and 1.5 ml of dimethyl or diethyl carbonate was 
added various amount of isohexane  (ratio 1 – 2) and 20 mg of Novozym 435. 
The mixture was stirred and  heated to 70 oC for 24 hours. Samples were 
withdrawn at specified interval during the 24 hours reaction period and then 
filtered to remove the enzyme, and the excess of diethyl carbonate and 
solvent were evaporated. Filtrates were stored at –20 oC for further analyses. 
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5.2.3 Transesterification of Rubber Seed Oil with Dialkyl Carbonates 
Effect of Various Enzymes on the Transesterification of Rubber Seed Oil 
with Dimethyl Carbonate. To 5 ml closed reaction tube containing 148.5 mg 
(0.17 mmol) of rubber seed oil was added 43.4 mg of dimethyl carbonate and 
10 mg of enzyme. The mixture was stirred and  heated to 50 oC for 24 hours. 
Samples were withdrawn at specified interval during the 24 hours reaction 
period and then filtered to remove the enzyme, and the excess of dimethyl 
carbonate was evaporated. Filtrates were stored at –20 oC for further 
analyses.bb 
Effect of Various Solvents on the Formation of Ester. To 15 ml closed 
reaction tube containing 500 mg (0.575 mmol) of rubber seed oil and 2.5 ml of 
dimethyl carbonate or diethyl carbonate was added 2.5 ml of various solvent 
(Dimethyl or diethyl carbonate, iso-hexane, cyclo-hexane, or heptane) and 50 
mg of Novozym 435. The mixture was stirred and heated to 60 oC for 24 
hours. Samples were withdrawn at specified interval during the 24 hours 
reaction period. Samples were filtered to remove the enzyme and the excess 
of diethyl carbonate and solvent were evaporated. Filtrates were stored at –20 
oC for further analyses. 
Effect of Water on the Formation of Ester. To the 15 ml closed reaction 
tube containing 250 mg (0.29 mmol) of rubber seed oil and 2.5 ml of dimethyl 
carbonate was added various amount of water or 250 mg salt or salt hydrate 
and 25 mg of Novozyme 435. The mixture was stirred and heated to 60  oC for 
24 hours. Samples were withdrawn at specified interval during the 24 hours 
reaction period. Samples were filtered to remove the enzyme and the excess 
of diethyl carbonate and solvent were evaporated. Filtrates were stored at      
–20 oC for further analyses. 
 
5.2.4 Transesterification of Various Plant Oil with Dialkyl Carbonates 
To 15 ml closed reaction tube containing 137 mg of plant oil was added 2 ml 
of dimethyl or diethyl carbonate (containing 0.2%v/v of water) and 13.7 mg of 
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Novozym 435 (10% w/w of oil). The mixture was stirred and  heated to 60 oC 
for 24 hours. Samples were withdrawn at specified interval during the 24 
hours reaction period. Samples were filtered to remove the enzyme and the 
excess of diethyl carbonate was then evaporated. Filtrates were stored at       
–20 oC before analyzed further. 
 
5.2.5 Plant Oil  by Solvent Extraction using Dialkyl Carbonates 
 Solvent extraction of plant oilseed was done by soxleht method.         
30 gram of palm kernel or another plant oilseed (without drying) was ground in 
mechanical mill and extracted by 250 ml dialkyl carbonates for 8 hours at     
60 oC (consequences 360 mbar for dimethyl carbonate and 230 mbar for 
diethyl carbonate) using Soxleht apparatus. Samples were withdrawn at 
specified interval during extraction period. Solvent was evaporated under 
vacuum and oil was weighed accurately after cooling and flashed with 
nitrogen. The tocopherol content was analyzed by HPLC. The same 
procedure was also conducted with isohexane as comparation. 
 
5.2.6 Soxhlet Reactive Extraction of Palm Kernel with Dimethyl 
Carbonate 
Reactive extraction was almost the same with solvent extraction 
procedure described above, except appropriate amount of Novozym 435 was 
added on the bottom of soxhlet apparatus (see Figure 5.1 for detail). Samples 
were withdrawn at specified interval during the 8 hours reactive extraction 
period. Samples were filtered to remove the enzyme and the excess of 
dimethyl carbonate was evaporated. Filtrates were stored at –20 oC before 
analyzed further. 
Effect of Temperature on the Yield of Lipid and Ester Formation. 30 gram 
of palm kernel (without redrying) was ground in mechanical mill and extracted 
by 150 ml of dimethyl carbonate (containing 0.30 % v/v of water). 1.5 gram of 
Novozym 435 was added to the bottom of soxhlet apparatus. Reactive 
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extraction was done for 8 hour at boiling point of dimethyl carbonate (50 oC  
and 230 mbar or 60 oC  and 360 mbar). 
Effect of Solvent/Seed Ration on the Yield of Lipid and Ester Formation. 
30 gram of palm kernel (as delivered, without drying) was ground in 
mechanical mill and extracted by various amount of dimethyl carbonate (150 –  
250 ml). 1.5 gram of Novozym 435 was added to the bottom of soxhlet 
apparatus. Reactive extraction was done for 8 hours at boiling point of 
dimethyl carbonate (60 oC  and 360 mbar). 
Effect Water Addition on the Yield of Lipid and Ester Formation. 20 gram 
of palm kernel (as delivered, without drying) was ground in mechanical mill 
and extracted by 150 ml of dimethyl carbonate containing various amount of 
water (0 – 0.6% v/v of solvent). 1.0 gram of Novozym 435 was added to the 
bottom of soxhlet apparatus.Reactive extraction was done for 8 hour at boiling 
point of dimethyl carbonate (60 oC and 360 mbar). 
Effect of Water Content of Seed on the Yield and Ester Formation. 20 
gram of ground palm kernel oil (as delivered or after drying) was extracted by 
150 ml dimethyl carbonate containing 0.4% v/v of water. 1.0 gram of Novozym 
435 was added to the bottom of soxhlet apparatus. Reactive extraction was 
done for 8 hours at boiling point of dimethyl carbonate (60 oC and 360 mbar). 
 
5.2.7 Soxhlet Reactive extraction of Various Plant Oilseed with Dimethyl 
Carbonate 
20 gram of ground plant seed oil (rapeseed, linseed or rubber seed) 
was extracted by 150 ml dimethyl carbonate containing 0.20 % v/v of water. 
1.0 gram of Novozym 435 was added to the bottom of soxhlet apparatus. 
Reactive extraction was done for 8 hours at boiling point of dimethyl 
carbonate (60 oC and 360 mbar). Samples were withdrawn at specified 
interval during the 8 hours reactive extraction period. Samples were filtered to 
remove the enzyme and the excess of dimethyl carbonate was evaporated. 
Filtrates were stored at –20 oC before analyzed further. 
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Figure 5.1 Soxhlet Reactive Extraction 
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5.2.8 Insitu Reactive Extraction of Palm Kernel with Dialkyl Carbonates 
To the 250 ml three neck round bottom glass (completed with 
condenser) containing 10 gram of ground palm kernel was added 75 ml of 
dimethyl or diethyl carbonate (containing various amount of water) and 500 
mg of Novozym 435. The mixture was stirred for 24 hours at 60 oC and normal 
pressure. Samples were withdrawn at specified interval during the 24 hours 
insitu reactive extraction period. Samples were filtered to remove the enzyme 
and cake, and the excess of dimethyl or diethyl carbonate was evaporated. 
Filtrates were stored at –20 oC before analyzed further. After 24 hours, the 
reaction was stopped, enzyme and grinded seed were filter by filter paper and 
excess of solvent was evaporated at reduce pressure. Lipid was then weighed 
accurately and analyzed. 
 
Figure 5.2 Insitu Reactive Extraction 
ground Seed 
Dialkyl carbonates 
Novozym 435 
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5.2.9 Insitu Reactive Extraction of Various Plant Oilseed 
To the 250 ml three neck round bottom glass (completed with 
condenser) containing 10 gram of ground plant oilseed was added 75 ml 
diethyl carbonate (without water addition) and 500 mg of Novozym 435. The 
mixture was stirred for 24 hour at 60 oC and normal pressure. Samples were 
withdrawn at specified interval during the 24 hours insitu reactive extraction 
period. Samples were filtered to remove the enzyme and grinded seed, and 
the excess of diethyl carbonate was evaporated. Filtrates were stored at         
–20 oC before analyzed further. After 24 hours, the reaction was stopped, 
enzyme and grinded seed were filter by filter paper and excess of solvent was 
evaporated at reduce pressure. Lipid was then weighed accurately and 
analyzed. 
 
5.3 Analysis  
Gas Chromatography (GC). Lipid composition was analyzed by Gas 
Chromatography instrument (HP6890) equipped with a FID Detector and a 
high temperature HT5 AQ (SGE), 12 m x 0.22 mm i.d column. The film 
thickness was 0.1 µm. Hydrogen flow was 40.0 ml/min, airflow was 450 
ml/min and make up flow (Nitrogen) was 45.0 ml/min. The injector 
temperature was 400 oC, injector splitting was 10:1 and detector temperature 
was 420 oC. The oven temperature was programmed from 70 oC (2 minute) to 
420 C at 10 oC/minute and was held at 420 oC for 6 minute. All sample were 
syllilated prior by N-methyl-N-trimethylsilylheptaFluor(o)Butyramide 
(MSHFBA) containing methyl-imidazole (50 µl / ml MSHFBA) for about 30 
minute and after the excess of MSHFBA evaporated, sample was dissolved in 
dichloromethane and directly inject to GC. Heptadecanoic methyl ester was 
used as internal standard. 
 
High Performance Liquid Chromatography (HPLC). Tocopherol content 
was analyzed by High Performance Liquid Chromatography equipped with 
Materials and Method                                                                                                             167 
L6000-pump and LiChrospher 100, 5 µm Diol column and F1000 fluorescence 
detector (stimulate wavelength 295 nm, emission wavelength 330 nm). Eluent 
used was Heptane + TBME (950 + 50  v,v), flow rate 1 ml/min, pressure 55 
bar,  at room temperature, time constant for 55 minute. All sample were 
dissolved in Heptane prior before directly inject to HPLC. 
GC and HPLC Spectrum                                                                                                        168 
6. GC and HPLC Spectrum 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 Typical GC Spectrum of Product from Transesterification of Palm 
Kernel Oil with Diethyl Carbonate (after 2 hours reaction). 
Couloumn: HT5 AQ (SGE), 12 m x 0.22 ID mm x 0.25 µm Film, 80 
kPa H2. Temp. Program: 70 oC (2 min.), 420 oC (10 oC/min.). 
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Figure 6.2 Typical GC Spectrum of Product from Transesterification of Rubber 
Seed  Oil with Diethyl Carbonate (after 2 hours reaction). 
Couloumn: HT5 AQ (SGE), 12 m x 0.22 ID mm x 0.25 µm Film, 80 
kPa H2. Temp. Program: 100 oC (2 min.), 420 oC (10 oC/min.). 
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Figure 6.3 Typical GC Spectrum of Product from Esterification of Glycerol with 
A. Dimethyl carbonate and B. Diethyl carbonate (after 24 hours). 
Couloumn: HT5 AQ (SGE), 12 m x 0.22 ID mm x 0.25 µm Film,    
80 kPa H2. Temp. Program: 70 oC (2 min.), 420 oC (10 oC/min.). 
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Figure 6.4 Typical HPLC Spectrum of Tocopherol and Tocotrienol content in 
Rubber Seed Oil 
 
 
 
 
 
 
 
 
Figure 6.5 Typical HPLC Spectrum of Tocopherol and Tocotrienol content in 
Saga Seed Oil.  
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